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INTRODUCTION 
It is well known that volatile fatty acids (VFA) are 
major end-products of fermentation in the rumen and, there­
fore, are potentially an important source of energy for 
ruminants. It further has been established that VFA are 
absorbed from the rumen although little is known about the 
mechanism by which this absorption takes place. The ob­
jectives of the studies reported herein were to ascertain the 
degree of metabolic activity of rumen mucosa and its rela­
tionship to volatile fatty acid absorption from the rumen. 
In vitro studies have demonstrated that the rumen mucosa 
will rapidly metabolize certain VFA. Extensive studies have 
been conducted with acetate, propionate and butyrate but only 
limited work has been conducted with the other VFA. Although 
various interactions have made the in vitro results far from 
concise, the rapid conversion of butyrate into ketone bodies 
observed in these studies and the high levels of ketone 
bodies normally found in the blood obtained from ruminants 
suggest that metabolism by the rumen mucosa may play a major 
role in the absorption of at least butyrate. These previous 
in vitro studies involved varying periods of delay between 
sacrifice of the animal and incubation of the mucosa. During 
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this delay the mucosa was immersed in an iced-isotonic solu­
tion. Therefore, m vitro studies were initially conducted 
with butyrate to determine the effect of the delay between 
sacrifice of the animal and incubation of the mucosa. The 
results of these initial studies with butyrate were also 
used to select à suitable in vitro technique to study the 
metabolism of other VFA by rumen mucosa. 
Although some of the observations which have been made 
during in vivo absorption studies support the m vitro 
evidence that metabolic activity of the rumen wall may play a 
role in the absorption of VFA, conflicting in vivo results 
have also been reported. Moreover, most of the vivo 
studies have failed to definitely establish the rumen wall as 
the sight of the metabolism. 
Therefore, studies were designed to determine the effect 
of administration of labeled butyrate to the rumen on the 
concentration of VFA and ketone bodies present in the 
arterial and portal blood and the distribution of activity 
between the VFA and ketone fractions of the blood. 
REVIEW OF LITERATURE 
Phillipson and McAnally (1942) proposed that volatile 
fatty acids (VFA) are absorbed from the rumen. The accuracy 
of this hypothesis was established subsequently by the work 
of Barcroft et al, (1944) as well as numerous others, but it 
was not until almost a decade later that metabolism by the 
rumen wall was suggested to play a role in VFA absorption, 
Masson and Phillipson (1951) noted that the loss of butyrate 
from the rumen was greater than the loss of either acetate 
or propionate while the concentration of butyrate appearing 
in the blood was less than one quarter the concentration of 
either of the other two acids. Therefore, they suggested the 
probability of butyrate being metabolized in the rumen wall. 
Kiddle et al, (1951) also suggested that metabolism of 
butyrate by the rumen wall might explain the lower ratio of 
butyrate to acetate present in blood drawn from the posterior 
ruminai vein compared to the ratio present in rumen contents. 
These implications of metabolism of butyrate by the rumen 
wall led Pennington and associates to initiate investigations 
on the metabolism of VFA during in vitro incubation with rumen 
mucosa. 
Pennington (1952) and later Seto _et (1955) reported 
that rumen mucosa metabolized butyrate extensively and 
acetate and propionate to a lesser extent. A large propor­
tion of the butyrate and lesser amounts of acetate were con­
verted to ketone bodies while propionate produced less ketone 
bodies than was produced when no exogenous substrate was 
present. Smith et (1961) also reported that butyrate was 
strongly ketogenic but their studies failed to demonstrate 
any increase in acetoacetate production during ijn vitro 
incubation of rumen mucosa in an acetate medium over that 
produced in the absence of any added substrate. In the study 
of Pennington (1952) mucosa from the reticulum and omasum as 
well as liver tissue of sheep showed a strong preference for 
butyrate, with large amounts of ketones being produced; 
mucosa of the abomasum and cecum and kidney tissue did not 
show this preference for butyrate and produced relatively 
less ketone bodies. Seto et aJL. (1955) reported that kidney 
tissue metabolized a substantial amount of butyrate with 
little ketone production while the.results with liver tissue 
and cecum mucosa were similar to those reported by Pennington 
(1952). 
Pennington (1952) demonstrated that propionate uptake by 
rumen mucosa was more rapid under an atmosphere of 95:5 
oxygen to carbon dioxide than under an all-oxygen atmosphere. 
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He suggested that propionate may be converted to succinate by 
carbon dioxide fixation. In a later study, Pennington (1954) 
found that fumarate failed to completely substitute for carbon 
dioxide in stimulating propionate metabolism. Therefore, it 
is unlikely that propionate was being metabolized to oxalace-
tate by means of carbon dioxide fixation of pyruvate; the 
oxalacetate would then be present for further oxidation of 
pyruvate via the citric acid cycle. He also demonstrated 
that succinate was produced when propionate was metabolized 
in the presence of malonate, Pennington and Sutherland 
(1956b) further substantiated the proposal that the pathway 
involved conversion of propionate to succinate by carbon 
dioxide fixation by showing that in carbon dioxide or in 
the carboxyl of propionate is incorporated into succinate to 
a high degree in the presence of malonate. Succinate formed 
from labeled pyruvate, fumarate, lactate or acrylate had 
relatively low specific activity; therefore, it is improbable 
that succinate is formed by any pathway ending in the reduc­
tion of fumarate. In addition, lactate formed from carboxyl-
labeled propionate had a low specific activity, indicating 
its production from propionate via succinate and not directly. 
Other VFA as well as various closely related substrates 
have been shown to be metabolized by rumen çiucosa in vitro. 
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Annison and Pennington (1954) demonstrated that isobutyrate, 
valerate, isovalerate and a-methylbutyrate were readily 
metabolized by rumen mucosa while only a negligible amount of 
formate was metabolized, Isobutyrate and a-methylbutyrate 
were antiketogenic and gave rise to small amounts of acetate 
and propionate. From the results of isotopic studies with 
liver slices, Coon and co-workers (Coon and Abrahamsen, 1952; 
Coon et al., 1952) postulated that 3-oxidation of a--
methylbutyrate followed by cleavage of the longer chain pro­
duced acetate and propionate. The studies of Atchley (1948) on 
the metabolism of isobutyrate by kidney "cyciophorase" system 
suggested 3-oxidation to methylmalonate semialdehyde followed 
by decarboxylation to propionylaldehyde and finally conversion 
to propionate. But, this doesn't explain the simultaneous 
formation of acetate observed by Annison and Pennington (1954) 
with rumen mucosa. The suppression of ketone production 
observed with a-methylbutyrate and isobutyrate could be 
associated with formation of propionate, which has been shown 
to suppress ketone production from acetate (Seto et al., 
1955; Pennington and Pfander, 1957). 
Annison and Pennington (1954) reported that valerate was 
ketogenic and produced small amounts of acetate and propionate. 
They indicated that this could be"explained by 3-oxidation and 
cleavage into* two-carbon and three-carbon fragments, which 
was observed by Siegel and Lorber (1951) with rat liver 
tissue. Condensation of the two-carbon fragments in pairs 
could then give rise to ketone bodies'. Annison and Penning­
ton (1954), however, offered no explanation as to why the 
three-carbon fragment (propionate) did not completely suppress 
ketone production from valerate, as it did with a-
methylbutyrate even though both a"^ metabolized by essentially 
the same pathway. 
In the study of Annison and Pennington (1954) on in 
vitro metabolism by rumen mucosa, isovalerate gave rise to 
acetate and possibly isobutyrate (especially in the absence 
of carbon dioxide), Isovalerate was ketogenic only when 
carbon dioxide was present. Coon (1950) demonstrated that 
.'le one- and two-position carbons are split from isovalerate 
during incubation with rat liver tissue. The two-carbon 
fragments combined to give acetoacetate while the remaining 
three-carbon fragments combined with a molecule of carbon 
dioxide to form acetoacetate. This supports the observation 
of Annison and Pennington (1954) that isovalerate is keto­
genic in the presence of carbon dioxide but doesn't explain 
the possible appearance of isobutyrate unless it is due to 
an alternate pathway utilized in the absence of carbon 
8 
dioxide. 
Pennington and Sutherland (1956a) reported that pyruvate 
was readily metabolized by rumen mucosa with the production 
of lactate and ketone bodies accounting for the major part 
of the pyruvate disappearance. There was less ketone produc­
tion (even though the total metabolism of pyruvate was higher) 
in the presence of carbon dioxide. Pennington and Sutherland 
(1956a) suggested that this could be due to the formation of 
dicarboxylic acids by carbon dioxide fixation, enabling the 
pyruvate to be utilized via the citrate acid cycle. In the 
same study, lactate was metabolized much more slowly than 
pyruvate but ketone bodies were also produced. Metabolism of 
glucose by rumen mucosa resulted in appreciable amounts of 
lactate but, in contrast to pyruvate or lactate, the ketone 
production was below the level of production with no ex­
ogenous substrate. 
The ketolytic pathway proposed by Pennington and Suther­
land (1956a) for pyruvate in the presence of carbon dioxide 
and the pathway proposed for propionate metabolism (Penning­
ton and Sutherland, 1956b) suggest that the citric acid cycle 
is active in rumen mucosa. Pennington and Sutherland (1956a) 
demonstrated that succinate, fumarate, a-oxoglutarate, 
malate, citrate, cis-aconitate and oxalacetate were all 
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metabolized by rumen mucosa in vitro. Incubation of succinate, 
fumarate, a-oxoglutarate and malate resulted in lactate pro­
duction. Fumarate, malate and oxalacetate caused ketone pro­
duction above that in controls containing no substrate, while 
succinate had no ketotic effect and a-oxoglutarate was anti­
ketogenic, Seto et (1955) and Seto and Umezu (1959) 
reported that succinate was also ketogenic. Considering the 
theory (Pennington and Sutherland, 1956a) that carbon dioxide 
reduces ketone production from pyruvate by formation of 
dicarboxylic acids from pyruvate by carbon dioxide fixation, 
it is difficult to understand the ketogenosis when succinate, 
fumarate, malate and oxalacetate are metabolized. Pennington 
and Sutherland (1956a) suggested that possibly low permea­
bility or other barriers restricting the access of oxalace­
tate to the site of acetyl CoA metabolism coupled with rapid 
conversion of oxalacetate to pyruvate could explain the ketone 
body production when dicarboxylic acids are added to the 
incubating medium. Seto and Umezu (1959) found that malonate 
inhibited the ketone formation from succinate but not from 
fumarate or malate, which further indicates that the citric 
acid cycle is active in rumen mucosa and that ketone body 
production from dicarboxylic acids is probably via conversion 
of either malate or oxalacetate to pyruvate. 
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Although it has been repeatedly demonstrated that VFA as 
well as other substrates are metabolized (with production of 
ketones in many cases) by rumen mucosa when they are incubated 
alone, complex interrelationships have been demonstrated when 
these .substrates are incubated in various combinations, Pen­
nington and Pfander (1957) found that the presence of butyrate 
lowered the uptake of propionate considerably and acetate 
lowered the uptake of butyrate somewhat. Ketone production 
from acetate was practically abolished by the presence of 
propionate or glucose while ketone body production from 
butyrate decreased only slightly. Some acetate was also 
produced when propionate, and butyrate were incubated together, 
Seto et a^, (1955) indicated that propionate suppressed 
ketone production from acetate entirely while glucose sup­
pressed it to a lesser extent, indicating that the mechanism 
of the antiketogenic action of propionate may be somewhat 
different from that of glucose. Propionate evidently is con­
verted to oxalacetate via carbon dioxide fixation (Penning­
ton, 1954; Pennington and Sutherland, 1956b) while glucose 
may be converted to oxalacetate via pyruvate as postulated 
by Pennington and Sutherland (1956a). The oxalacetate could 
then accelerate acetate oxidation by way of the citric acid 
cycle and, therefore, reduce ketone production. But, 
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Pennington and Sutherland (1956a) failed to demonstrate any 
antiketogenic property of dicarboxylic acids added to incu­
bating pyruvate even though added glucose demonstrated an 
antiketogenic action when added to the pyruvate medium. They 
suggested that oxalacetate formed from glucose may be more 
readily available for combination with acetyl CoA than that 
formed from added dicarboxylic acid, Seto ^  a^. (1955) not 
only failed to show any antiketogenic action but actually 
got an increase in ketone bodies when malate, succinate or 
pyruvate were incubated with acetate. The answer to these 
apparently .conflicting results may be in the observation by 
Seto ^  aj., (1956) that succinate suppressed ketone produc­
tion when adenosinetriphosphate was also added. 
Seto et al. (1957) reported that malonate did not sup­
press oxidation of butyrate and, therefore, they assumed 
butyrate was oxidized independently of the citric acid cycle. 
This is in agreement with the findings of Pennington and 
Pfander (1957), and Seto et (1955) that propionate or 
glucose had little or no effect on production of ketone 
bodies from butyrate. Seto et (1955) concluded, there­
fore, that butyrate metabolism to ketone bodies must not • 
proceed through acetate as an intermediate. On the other 
hand, some cleavage by the thiolase reaction to acetyl CoA 
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may take place since Hird and Symons (1959) reported some 
activity present in the three-position carbon of ketone 
bodies produced from 1-C^^-butyrate by omasum mucosa. They 
calculated that about three-quarters of the ketone bodies 
were formed from butyrate without any cleavage and resynthesis 
of the carbon chain of butyrate by means of the thiolase 
reaction. 
In a later study conducted by Hird and Symons (1.961) 
with rumen and omasum mucosa, detailed labeling techniques 
supported their earlier conclusion (Hird and Symons, 1959) 
that two possible pathways for butyrate metabolism to ketone 
bodies existed. The fact that up to four times as many one-
and two-position carbon atoms as three- and four-position 
carbon atoms appeared in carbon dioxide produced by the 
citric acid cycle indicated the existence of a pathway other 
than the thiolase cleavage. The greater incorporation of 
from 1-C^^-butyrate into the three-position than into the 
one-position of acetoacetate indicated the presence in rumen ' 
and omasum mucosa of the pathway of acetyl CoA to g-hydroxy 
g-methyl glutaryl CoA to acetoacetate and acetyl CoA proposed 
by Lynen et (1958) as an alternate pathway with liver 
tissue. On the other hand, the fact that one-, two-, three-
and four-position carbons of butyrate appeared (although not 
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equally) in carbon dioxide produced by the citric acid cycle 
in the study of Hird and Symons (1961) indicated that the 
thiolase pathway was also active. The relocation of from 
1-C^^- and 3-C^^-butyrate during its conversion to aceto-
acetate indicated that the thiolase reaction is reacting in 
the reverse direction as well as forward direction and, 
therefore, is active in forming ketones from butyrate. Hird 
and Symons (1961) calculated that an average of 26% of the 
ketone bodies were produced by the thiolase pathway which 
agrees with their earlier estimate (Hird and Symons, 1959), 
Although other factors may be involved, such as the endogenous 
concentration of acetyl CoA, these results tend to indicate 
that the mucosa of the rumen and omasum have a greater amount 
of the functional enzyme system present for the 3-hydroxy 
g-methyl glutaryl CoA pathway than for the thiolase pathway. 
Sutton et aJL» (1963b) reported that although the presence 
of propionate during the metabolism of butyrate did not sig­
nificantly reduce total ketone production, it did shift the 
normal ratio of acetoacetate to g-hydroxybutyrate observed 
in their study as well as in the study of Pennington (1952) 
from 4:1 to 1:1. Sutton et aX, (1963b) suggested that suc-
jcinate produced from propionate may act as a hydrogen donor 
to reduce the acetoacetate to g-hydroxybutyrate. 
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The complexity of the interactions observed when multiple 
substitutions have been used make it necessary to be extremely 
careful in applying in vitro results (especially when a single 
acid is used) to the living animal. On the other hand, as 
Pennington and Pfander (1957) suggested, the results obtained 
with in vitro incubation of rumen mucosa indicate that buty-
rate metabolism in the rumen wall is probably an important 
source of ketone bodies in the ruminant animal. 
Smith et a^. (1961) reported that there was no sig­
nificant difference between rumen mucosa from ketotic and non­
ketotic ewes in the amount of oxygen utilized or. acetoacetate 
formed in the presence of VFA substrates. He indicated, how­
ever, that the high acetoacetate formation (equal to the forma­
tion by ketotic liver on a nitrogen basis) by normal and 
ketotic rumen mucosa in the absence of exogenous substrate 
suggests that ketogenic substrates other than VFA may be an 
important source of blood ketones during ketosis. 
Knox al. (1960) indicated that the increase in oxygen 
uptake was greater for calves 3-5 wk. of age than for newborn 
calves when glucose or butyrate alone or any mixture contain­
ing butyrate was added to the incubation media; values for 
adult animals were intermediate. Since the older calves had 
received hay and grain and their rumens showed marked 
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papillary development, these results suggest that the rumen 
mucosa may have a limited ability to metabolize VFA at birth 
but that metabolic ability increases rapidly as the calf 
receives hay and grain and the rumen wall develops struc­
turally. Sutton et al,. (1963b) reported that the metabolism 
of VFA by rumen mucosa from a l6-wk.-old calf on a milk-hay-
grain diet closely resembled that by adult rumen tissue with 
a high metabolic activity and a hi^h percentage of the ace­
tate and butyrate metabolized converted to ketones. On the 
other hand, the metabolic activity of the mucosa of calves 
fed only milk until 16 wk, of age resembled that of kidney 
cortex and heart tissue with a much lower metabolic activity. 
In addition, the percentage of the butyrate uptake accounted 
for by ketone production was substantially lower with mucosa 
from the milk fed calves. Walker and Simmonds (1962) also 
demonstrated that the utilization of butyrate by the rumen 
wall was lower in the newborn lamb than in the adult, but 
exceeded the adult levels at three weeks of age and main­
tained this higher utilization until at least 11 wk. of age. 
In the same study, Walker and Simmonds (1962) reported that 
the utilization of butyrate is much higher by mucosa obtained 
from the cecum of newborn lambs than from adult sheep although 
utilization was typical of the adult within a day or two 
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after birth. Cecal- mucosa doesn't show a preference for 
butyrate and is essentially non-ketogenic (Pennington, 1952), 
In the study of Sut con et (1963b) as well as those 
of Knox- (1960) and Walker and Simmonds (1962) the increase 
in metabolic activity was mainly associated with structural 
development of the mucosa. A similar relationship has been 
shown between absorptive ability of VFA and mucosal structure 
(Sutton et al, 1963a), Therefore, Sutton et al. (1963b) 
postulated that the metabolic activity directly stimulates 
structural development, but affects the ability to absorb 
VFA only indirectly through structural development and in­
creased blood flow. The stimulatory effect of VFA on struc­
tural development of rumen mucosa reported by Sander _et al. 
(1959) and Tamate ^  a^. (1962) supports the first portion of 
the hypothesis. The increased blood flow to the rumen fol­
lowing addition of VFA to the rumen reported by Dobson and 
Phillipson (1956) supports the second portion. But this 
assumes that the VFA are absorbed as such and not as meta­
bolic products. Therefore, if the suggestion of Pennington 
and Pfander (1957) that metabolism of butyrate has an im­
portant role in absorption is correct, metabolic activity 
would also play a direct role in absorption at least with 
butyrate. Even though the metabolic pathway of butyrate 
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metabolism is evidently different in cecal tissue, the lower­
ing of metabolic activity observed by Walker and Simmonds 
(1962) with cecal mucosa shortly after birth could be cor­
related with structural or physiological changes within the 
tissue just as the increase in metabolism by rumen mucosa 
seems to be correlated with structural development. 
As discussed earlier the in vivo observations of Masson 
and Phillipson (1951) and Kiddle ^  (1951) led to the 
extensive vitro work discussed above. Other early in vivo 
work also supports the m vitro observations which indicated 
that metabolism may play a role in the absorption of VFA, 
but conflicting results have also been reported. Most of 
this early work fails to establish the rumen wall as the site 
of metabolism. Forbes (1943) reported that the introduction 
of acetate into the rumen of a goat did not cause an increase 
in ketone body excretion. He, therefore, concluded that this 
acid was not responsible for excess ketone production of rumen 
origin. Schultz and Smith (1949) reported that acetate, 
propionate, lactate and succinate did not cause a significant 
rise in blood ketones when administered orally while butyrate, 
caproate, caprylate and caprate caused an increase in blood 
ketones of 5-10 mg. %. In this same study, intravenous in­
jection of acetate caused no significant change in blood 
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ketones, while butyrate caused a rapid increase indicating" 
that rumen micro-organisms were not involved in the results 
obtained after oral administration. On the other hand, 
Jarrett and Potter (1950), Umezu et al. (1952) and Kronfeld 
(1957) reported that intravenous injection.of acetate caused 
a rise in blood ketones. In a later trial, Schultz and 
Smith (1951) reported that oral administration of acetate 
caused a slight increase in blood ketones while oral ad­
ministration of ketone bodies did not affect blood ketones. 
Johnson-(1955) also reported that oral administration of 
acetate caused a slight increase in blood ketones. He sug­
gested that, when the citric acid cycle is overloaded, two 
molecules of acetate may not be significantly inferior to 
one molecule of butyrate in ketogenesis. 
Clarke and Malan (1956) demonstrated that adding buty­
rate and acetate to the rumen of sheep increased mainly the 
3-hydroxybutyrate fraction of blood ketones. Pennington 
(1952) demonstrated that butyrate was converted mainly to 
acetoacetate during in vitro incubation with rumen mucosa. 
This discrepancy may be due to the rapid reduction of aceto­
acetate to p-hydroxybutyrate during circulation in the blood 
since Clarke and Malan (1956) observed that acetoacetate 
ethyl ester was rapidly converted to g-hydroxybutyrate either 
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when injected in the circulating blood of sheep or when added 
to blood incubated in vitro. 
Van Soest and Allen (1959) found that the level of rumen 
propionate was negatively correlated with blood ketones and 
milk fat per cent. They suggested that conversion of pro­
pionate to oxalacetate via the succinate pathway might divert 
the pathway of acetate metabolism away from synthesis of 
ketone bodies and, therefore, milk fat since g-hydroxybutyrate 
is a known milk fat precursor. This is supported by the ob­
servation of Van Soest and Allen (1959) and Storry and Rook 
(1961) that milk fat increased when acetate or butyrate was 
orally administered while milk fat decreased when propionate 
was administered. Although Jarrett ^  aj.. (1952) demonstrated 
a ketolytic effect by propionate when injected intravenously 
with acetate, propionate had no effect on blood ketones when 
injected with butyrate. Clarke and MaIan (1956) reported 
that the addition of propionate to the rumen of sheep de­
creased the ketogenic effect of both acetate and butyrate. 
Johnson (1955) reported that propionate inhibits the keto­
genic action of butyrate when the amount of the two acids 
administered is low while at higher levels of butyrate a rise 
in blood ketones results despite the presence of an equal 
amount of propionate. This might be explained by the pre­
20 
viously discussed suggestion of Hird and Symons (1961) that 
two alternate pathways exist for butyrate metabolism by rumen 
mucosa. Since only one of these pathways results in the 
cleavage of butyrate into two acetyl CoA units, metabolism of 
- .. 
butyrate to ketone bodies by the other pathway would not be 
diverted by the presence of propionate. The increased blood 
glucose level following oral administration of propionate 
reported by Schultz and Smith-( 1951), Johnson (1955) and 
Clarke and Malan. (1956) may also be due to conversion of 
propionate to succinate by the rumen wall; the succinate could 
then be converted to glucose by the liver. 
Pennington (1952) and Annison _et al. (1957) furnish more 
positive m vivo evidence supporting the in vitro observations 
that the rumen wall is an active site of VFA metabolism 
•since they measured ruminai vein- and portal vein-arterial 
differences, respectively, and not just blood levels of 
ketone bodies. Pennington (1952) reported that the presence 
of butyrate in the rumen led to a greater increase in the 
level of ketones in the ruminai vein than in the arterial 
blood. Addition of acetate to the rumen caused a slight 
rise in blood ketones while propionate had no effect in one 
trial and caused a pronounced decrease in a second trial 
conducted by Pennington (1952), Annison et (1957) 
21 
observed a low concentration or complete absence of butyrate 
in portal blood both when comparatively large amounts of 
butyrate occurred naturally in the rumen and when 300 micro-
moles of butyrate was added to the rumen. In addition, 
ketone levels were significantly higher in portal than ar­
terial blood in both cases. When the butyrate was added to 
the rumen slowly (50 micromoles every hour) there was a rise 
in butyrate in portal blood along with the ketone body rise. 
With the addition of acetate to the rumen Annison ^  al. 
(1957) reported that portal blood ketone bodies showed a 
slight increase during the first part of the dosage period 
but dropped thereafter. Increasing levels of acetate ap­
pearing in the portal blood paralleled the increasing rumen 
concentration, 
Annison et aX, (1957) reported that an increase in pro­
pionate occurred in the portal blood of sheep following 
dosing with propionate, but portal-arterial differences in 
glucose concentration were insignificant although the level 
of blood glucose rose slightly. On the other hand, Waldern 
(1963) reported that the molar proportions of propionate and 
butyrate present in the VFA fraction of portal blood were 
smaller than the molar proportions of these acids present in 
the VFA fraction of rumen samples indicating that butyrate 
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and propionate were metabolized as they traversed the rumen 
wall. The high concentration of lactate reported by Waldern 
(1963) in the portal blood in comparison to its absence in 
rumen samples suggested that it was a major metabolite. The 
observation by Annison and Pennington (1954) of isobutyrate, 
valerate, isovalerate and a-methylbutyrate in blood samples 
from the ruminai vein following their administration to the 
rumen indicates: that they can be absorbed as such. Conrad 
et .(1958) observed only traces of butyrate and higher 
acids in the gastrosplenic blood of catheterized calves being 
fed a 2:1 mixture of hay to grain. 
Rumen perfusion studies also provide a method by which 
metabolism of VFA by rumen mucosa may be studied. Although 
this technique stimulates in vivo conditions more closely in 
some respects than the incubation technique, the low blood 
flow obtained in the limited trials which have been conducted 
are of concern in assessing the validity of the results. 
McCarthy _et (1958) reported that blood ketone bodies did 
not increase after the addition of butyrate to a perfused 
rumen and only a trace of the label from C^^-labeled butyrate 
appeared in ,8-hydroxybutyrate fraction while none was found 
in the acetoacetate fraction. Although Brown et (1960) 
reported that appreciable amounts of butyrate and only a small 
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amount of ketones were present in the blood when à mixture 
of VFA approximating the concentration under normal condi­
tions was placed in a perfused rumen, the level of ketones 
increased in the ruminai vein after the addition of higher 
levels of butyrate. They, therefore, concluded that ketone 
body production by rumen mucosa may be of importance when 
high levels of butyrate. are present in the rumen. Spahr jet 
al. (1963) reported the appearance of a small amount of C. in 
TA 
the lactate + g-hydroxybutyrate fraction after 1-C -acetate 
was added to the perfusate blood in their studies. 
The use of radiotracers in recent in vivo studies has 
made it possible to study in more detail the role of metabo­
lism in absorption of VFA. Johnston et aX, (1961) reported 
labeled lactate contributed greatly to the total activity of 
both omasal and carotid blood after administration of labeled 
butyrate to the omasum. Since the amounts of labeled lactate 
present in the ingesta of the stomach compartments was negli­
gible, they suggested that butyrate may be converted to 
lactate by the omasal mucosa. Through the use of more refined 
techniques in a, later study at the same station (Joyner _et 
al., 1963), the radioactivity of the lactate fraction was 
found to be exclusively in g-hydroxybutyrate and not lactate 
as previously reported, Joyner et al, (1963) also reported 
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that most.of the label of acetate remained in acetate in the 
blood and, therefore, they concluded acetate was absorbed as 
such from the omasum and not converted to g-hydroxybutyrate. 
This in vivo work on metabotic activity of omasal mucosa is 
included in the present discussion on rumen mucosa since it 
has been demonstrated in vitro that omasal mucosa rapidly con­
verts butyrate to ketone bodies as does ruminai mucosa (Pen­
nington, 1952). 
Simesen (1963) reported that the fraction of the 
dose of C^^-labeled butyrate recovered from all milk con­
stituents was greater during the 48 hours after intraruminal 
administration than after intravenous administration. Since 
14 this was due mainly to a greater amount of the C recovered 
in the milk fat after intraruminal administration, they pro­
posed two possible reasons for the observed results: (a) 
the butyrate was converted to a more lipogenic substance, as 
for example acetate, before absorption from the rumen, or 
(b) p-hydroxybutyrate resulting from butyrate metabolism in 
the rumen wall and/or the liver is more lipogenic than 
butyrate. Since in this same study butyrate injected con­
tinuously into the portal vein transferred about four times 
as much carbon to lactose as to milk fat, portal butyrate 
evidently has a glucogenic fate. Therefore, the rumen mucosa 
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is the most likely sight of p-hydroxybutyrate production, 
Ramsey and Davis (1964) demonstrated that appreciable C^^-
labeling was present in the g-hydroxybutyrate fraction and 
lesser amounts in the acetate and lactate fraction of blood 
after 1-C^^-butyrate was injected intravenously. Blood from 
the ruminai vein contained over twice as much p-hydroxybuty-
rate as did blood from the carotid artery even though the 
rumen fluid contained no g-hydroxybutyrate. The concentra­
tion of butyrate in the ruminai vein was frequently lower 
than that of iso-butyrate even though the ratio of these two 
acids in the rumen fluid was approximately 7:1. Furthermore, 
the specific activity of g-hydroxybutyrate was lower in the 
blood from the ruminai vein than from the carotid artery, 
though ruminai vein blood was higher with respect to total 
associated with g-hydroxybutyrate. Ramsey and Davis 
(1964) indicated that their observations suggest that g-
hydroxybutyrate is a normal intermediate in the metabolism of 
butyrate absorbed from the rumen and that the rumen mucosa 
is a major site of this conversion. 
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EXPERIMENTAL 
In Vitro Metabolic Activity 
Procedure 
Collection of tissue Rumen mucosal tissue was ob­
tained £gç.om dairy cattle which were 5 to 28 mo. of age by 
procedures closely resembling those of Sutton _et a^, (1963b), 
All animals received a hay and grain diet for at least 3 mo. 
prior to being sacrificed. Detailed information is given on 
the animals in Table 7 in the Appendix. Each animal was 
stunned and bled, and its gastrointestinal tract removed 
immediately. Compressed air was injected between the muscle 
and mucosa of the cranial sac of the rumen making it possible 
to separate these two tissues. The mucosa was quickly washed 
with warm tap water to remove any rumen ingesta and micro­
organisms adhering to it. Since incubation of the mucosa was 
conducted at the same site as that where the animal was sacri­
ficed (Iowa State University of Science and Technology Meat 
Laboratory), the mucosa was available for incubation or 
further treatment prior to incubation, as will be discussed 
later, in not more than 15 min. after stunning of the animal. 
In the cases where liver tissue also was incubated (animals 
4C, 6C and 7C), the liver was removed immediately after the 
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animal was stunned and bled. 
Treatment of the tissue prior to incubation In 
previous studies on m vitro metabolism of volatile fatty acids 
(VFA) by rumen mucosa at Iowa State University (Sutton 
et al., 1963b) as well as in the earlier studies of Penning­
ton (1952) and Seto al. (1955) the animals were sacrificed 
at a different location than the site of the incubation 
studies. In these previous trials the mucosa was immersed in 
an ice-cold isotonic solution during the time required to 
transport it to the site of the incubation studies. There­
fore, to determine the effectiveness with rumen mucosa of 
this classical method of maintaining viability (metabolic 
activity) of tissue, a factorial experiment which permitted 
the following comparisons was designed^; (1) immersion in 
ice-cold Krebs-Ringer (approximately 0°C.) prior to incuba­
tion versus immersion in 39°C. Krebs-Ringer; (2) linear 
effect of 0°C. .immersion; (3) quadratic effect of 0°C. im­
mersion; (4) linear effect of 39°C. immersion; (5) quadratic 
effect of 39°C. immersion prior to intubation. 
The above comparisons were achieved, by cutting the. 
1 
Statistical analysis conducted according to Snedecor 
(1956), Chap. 12. 
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mucosa into 1 cm. square sections and immersing one-half of 
the sections in 39°C, Krebs-Ringer and the other one-half in 
0°C. Krebs-Ringer prior to incubation in a butyrate medium. 
o 
For both the mucosa immersed at 39 C. and that immersed at 
0°C., three duplicate sets of samples were incubated; one 
set immediately after immersion began; the second set after 
20 min,; and the final set after 40 min. of immersion. This 
trial was conducted with mucosa from four animals (lA, 2A, 
3A and 4A). A crossover comparison was also made with mucosa 
from animals 3A and 4A as well as from animals 6C and 7C by 
comparing the metabolic activity of mucosa immersed in 39°C. 
Krebs-Ringer for 20 min. followed by immersion in 0°C. Krebs-
Ringer for 20 min. to the metabolic activity of mucosa im­
mersed at these two temperatures in the reverse order. 
To determine whether the effects of the above treatments 
were valid for VFA other than butyrate, the effect of immer­
sion in 39° and 0°C. Krebs-Ringer on the rate of metabolism 
of valerate and propionate by mucosa from animals 4C and 5C, 
respectively, was determined. Again the mucosa was cut into 
1 cm, square sections before randomly dividing into two parts 
for immersion in 39°C. or 0°C. Krebs-Ringer. The effects of 
immersion of liver tissue in 0°C. and 39°C. Krebs-Ringer for 
40 min. prior to incubation in a butyrate medium were studied 
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with animals 6C and 7C to determine whether the results ob­
tained with rumen mucosa were valid for other tissue. Prior 
to immersion, the liver tissue was sliced into 0.25 mm, 
slices with a Hobart meat slicer. The slices were cut into 
sections 1 cm. square immediately preceeding incubation. 
To more clearly interpret the results of the studies 
conducted on the effect of immersing rumen mucosa at 0°C. or 
39°C. prior to incubation, an attempt was made to prepare 
homogenates of the mucosa for further study. When the entire 
mucosa was used, a desirable homogenate could not be obtained 
with a Waring blender, a Lourdes blender, or a mortar and 
pestle because of the physical toughness of the mucosa. 
Using a Lourdes blender, a partial homogenate was obtained 
with papillae shaved from the mucosa by use of a modified 
safety razor. Animals IB through 6B were used to study the 
metabolic activity of papillae, mucosa from which the papil­
lae had been shaved, homogenized papillae, supernatants ob­
tained from centrifugation of homogenized papillae, and 
mucosa from a non-papillated area of the rumen in comparison 
to the metabolic activity of papillated mucosa. With animals 
IB and 2B the mucosa was removed from the Krebs-Ringer during 
the shaving process, but thereafter the shaving was conducted 
in either 39° or 0°C. Krebs-Ringer. The mucosa from which 
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the papillae had been shaved and the mucosa from a non-
papillated area of the rumen were cut into 1 cm. square 
sections as indicated earlier for the regular mucosa. 
To obtain a homogenate, 20 g. of shaved papillae were 
placed in the cup of a Lourdes blender with 50 ml. of Krebs-
Ringer bicarbonate solution. The cup of the blender was 
placed in a beaker of ice-cold water and the blender was 
operated for four 30 sec. periods with a 30 sec. idle period 
between each operating period in order to maintain the 
temperature of the homogenizing solution between 30 and 40°C. 
Supernatants were obtained by centrifuging the homogenates 
for 10 min. at 17,000 RPM with a Servall superspeed centri­
fuge. It was found that a sonic blender gave a more complete 
and uniform homogenate than the Lourdes blender. Therefore, 
mucosa- and liver tissue from animal 4C was homogenated with 
the Sonic blender. In this case, 2.5 g. of tissue was placed 
in the cup of the blender with 5 ml, of Krebs-Ringer bi­
carbonate solution and 1 g. of fine glass beads. Ice-cold 
water was circulated through the water jacket surrounding the 
cup during the' 4 min. operating period of the blender. 
To determine the physical effect on the mucosa of im­
mersion in Krebs-Ringer prior to incubation, immersed and 
non-immersed samples of mucosa from animal 3C were studied 
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under the electron microscope. The immersion in 39°C. or 
0°C. Krebs-Ringer was carried on in the normal way. The 
mucosal samples were removed from the Krebs-Ringer and fixed 
at the same time as the mucosal samples were removed for 
incubation. These mucosal samples were compared to a mucosa 
sample fixed immediately after it was cut from the rumen wall 
of a fistulated animal with a surgical scissors. An enzyme 
histochemistry determination was also made with mucosa from 
animal 7C to isolate the site of metabolism of butyrate in 
rumen mucosa. The mucosa was again immersed in the normal 
manner and removed from the Ringer at the same time as for 
the incubation studies and rapidly frozen with dry ice to 
preserve it for the histochemistry study. 
The mucosa from animals IC, 2C, and 3C which was used 
to study the metabolism of several VFA was incubated im­
mediately after it was cut into 1 cm, square sections without 
any immersion in Krebs-Ringer. 
Incubation The incubation procedures closely re­
sembled those used previously in this laboratory by Sutton 
et àl. (1963b), The incubation medium was Krebs-Ringer 
bicarbonate solution containing a single VFA buffered at pH 
7.2 as the substrate. The incubation solution was flushed 
with a 95:5 oxygen to carbon dioxide mixture prior to 
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pipetting into the incubation flask,' Incubation was conducted 
in a Dubinoff Incubator Shaker for a 3 hr. period at 39°C. 
and shaken at 105 strokes per min, under a 95:5 atmosphere of 
oxygen to carbon dioxide. With animals lA through 4A and 
animal 3C, 1-2 g. of mucosal sections were added to 10 ml. of 
medium containing 200 micromoles of substrate in a 25 ml, 
- Erlerimeyer flask. With all other animals, 2-4 g, of mucosal 
sections, papillae, or liver slices were added to 20 ml, of 
> 
medium containing 400 micromoles of substrate in a 50 ml. 
Erienméyer flask. In the case of homogenates made with the 
Lourdes blender (animals IB, 2B, 4B and 5B), one-fifth of 
the homogenate (equivalent to 10 ml, of Krebs-Ringer bi­
carbonate solution and 4 g. of mucosa) was added to 10 ml, of 
medium containing 400 micromoles of substrate in a 50 ml. 
Erlenmeyer flask. The supernatant obtained from centrifuging 
one-fifth of the homogenate was also added to 10 ml, of 
medium containing 400 micromoles in a 50 ml, Erlenmeyer 
flask. In the case of homogenates prepared with the Sonic 
blender the entire homogenate (equivalent to 2,5 g. of mucosa 
or liver tissue and 5 ml, Krebs-Ringey bicarbonate solution) 
was rinsed from the cup of the blender with another 5 ml, of 
Krebs-Ringer bicarbonate solution and added to 10 ml. of 
medium containing 400 micromoles of substrate in a 50 ml. 
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Erlenmeyer flask, 
A control consisting of Krebs-Ringer bicarbonate with 
no added substrate-was run with each treatment of the tissue 
prior to incubation except with animals 3C through 7C. Only 
a control for type of tissue was run with these animals, 
since it was noted that treatment of tissue prior to incuba­
tion had little effect on the levels of volatile fatty acids 
or ketone bodies present in the- control medium following 
incubation. Tissues were incubated in duplicate for all 
treatments and controls. Levels of substrates and metabolic 
products in the treatment samples were corrected for levels 
in the corresponding controls. 
Analytical techniques At the end of the 3 hr, incuba­
tion period, the mucosal sections, papillae and liver slices 
were removed from the medium by filtering through a Gooch 
crucible with a perforated bottom into a 25 ml, or 50 ml. 
volumetric flask depending on whether the medium volume was 
10 or 20 ml. The tissue was rinsed and the washing added to 
the filtered medium; the medium was then made to volume. In 
the case of homogenates, the medium (including the homogenized 
tissue) was rinsed into a centrifuge tube and centrifuged at 
17,000 RPM for 10 min. with a Servall superspeed centrifuge; 
the supernatant was poured into a 50 ml, volumetric flask and 
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made to vol.urrfe. The mucosal sections, papillae and the 
o liver slices were dried to constant weight at 108 C, to 
determine the dry weight. The centrifugates obtained from 
homogenates "were dried to constant weight in a vacuum oven at 
60°C. 
Since it was noted that small particles of papillae 
passed through the perforated bottom of the Gooch crucible 
when the shaved papillae were being filtered and it was also 
suspected that a certain amount of the tissue constituents 
went into solution during homogenation, an attempt was made 
with the incubated samples of mucosa from 2B to determine the 
extent of these losses. A 25 ml. sample of the filtered 
medium or supernatant was dried to constant weight in an 
evaporating dish at 108°C. After correction for the weight 
of the salts and substrates present in the medium before the 
tissue was added, it was calculated that no dry weight from-
sections of mucosa was lost in the filtrate. The average 
loss with shaved papillae was 7.9% of the dry weight while 
the supernatants obtained before incubation contained 5.7% of 
the dry weight compared to 14,4% for the supernatants obtained 
after incubation. Since the loss was relatively small except 
for the supernatants obtained after incubation, the loss of 
dry weight into the filtrate or supernatants was ignored with 
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mucosa with all other animals. Also with animal 4C the dry-
weight of the homogenates were ,assum.ed to be the same as. the 
average of the unhomqgenized samples of mucosal papillae or 
liver slices since the incomplete removal of the fine beads 
during rinsing of the cup of the sonic blender made it impos­
sible to obtain accurate dry weights. 
In all trials the medium was analyzed for volatile fatty 
acids and ketone bodies. Carboxylic acid and lactate analyses 
were conducted with selected samples as indicated in the 
Results and Discussion. Analyses were performed in duplicate 
and the results expressed per 100 mg, of dry weight of tissue 
incubated. 
Volatile fatty acids With the first four animals 
(lA though 4A), total volatile fatty acid analysis was con­
ducted by the procedure of Sutton e^ (1963b), Since this 
method gave only a total measure and did not differentiate 
between individual acids, thereafter the volatile fatty acid 
1 
analysis was performed by gas-liquid chromatography. 
A Model 600 Hy-Fi Wilkens hydrogen flame ionization 
^The gas-liquid chromatography technique used for these 
analyses was previously determined from unpublished data 
gathered in the author's laboratory by Dr. A, D. McGilliard 
and Marlene Richard. 
36 
detector chromatograph was used with a one millivolt Honey­
well-Brown 143 x 58 Electronik Recorder equipped with a Disk 
integrator. JJitrogen was used as the carrier gas and the 
column consisted of 7.5% polyethylene glycol monostearate 
5-541--0.75% phosphoric acid partitioner coated on chromosorb 
W (acid washed 60-80 mesh celite). The sensitivity was 8X, 
injection temperature 250°C., column temperature 120°C., gnd 
carrier gas flow 25 ml./min. at 15 Ib./sq. in. 
A sample was prepared for injection into the chromato­
graph by adding 1 ml. of 25% meta-phosphoric acid to 5 ml. of 
the medium or standard to precipitate any protein. After 
standing 30 min» the sample was centrifuged and the super­
natant decanted. Since 1-2 microliters of the sample was 
injected into the chromatograph with à dead space syringe, 
0.5 ml, of 1.1% amyl alcohol was added to a 5 ml. sample of 
the décantant as a volume marker. Therefore, by injecting 
varying amounts of H2O containing the same concentration of 
amyl alcohol as the sample into the chromatograph with a no-
dead space syringe, a curve could be established to determine 
the exact volume of the sample injected. 
Correction for tissue retention of VFA was accomplished 
by increasing the amount of VFA remaining after incubation by 
10, 12.5, or .15% depending on whether less than 450 mg,, 450-
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550 mg., or more than 550 mg. dry tissue was incubated with 
400 micromoles of VFA. In the cases where only 200 micro-
moles of VFA were incubated, 10, 12.5, or 15% was added to 
the VFA remaining after incubation depending on whether less 
than 225 mg., 225-275 mg,, or more than 275 mg. of dry tissue 
was incubated. This correction was based on the butyrate 
retention by rumen mucosa reported by Sutton (1962). No cor­
rection was made for retention by homogenates or supernatants. 
Ketone bodies Acetone plus acetoacetate and g-
hydroxybutyrate were determined by the distillation, 
salicylaldehyde-colormetric procedure of Reid (1960) as 
modified by Sutton et aJL. (1963b), 
Carboxvlic acids The protein was precipitated 
from 40 ml, of the incubation medium by the addition of 160 
ml. of 95% ethanol. After standing overnight in the re­
frigerator the solution was filtered through Whatman's No. 40 
filter paper. The filtrate was made basic with 2.5 N KOH and 
taken to dryness with a rotary evaporator over a steam bath. 
The remaining salts were dissolved in a few drops of absolute 
methanol and titrated with tetrame thylammonium hydroxide 
according to the procedure of Robb and Westbrook (1963), The 
sample was then made to a volume of 2 ml. with absolute 
methanol. 
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The samples were analyzed with the same hydrogen flame 
ionization detector chromatograph as used for VFA. A column 
of 10% apiezon L grease - 1% phosphoric acid partitioner 
coated on chromosorb W (acid washed 60-80 mesh celite) was 
o 
used. The sensitivity was 8-16X, injection temperature 365 C., 
column temperature 95°C. and carrier gas flow was 15 ml./min. 
» 
at 15 Ib./sq. in. • 
This modification of the technique of Robb and West-
brook (1963) was developed to ascertain the degree of pro­
duction of succinate during incubation of rumen mucosa with 
propionate, isobutyrate and valerate since the work of 
Pennington and coworkers (Pennington and Sutherland, 1956b; 
Annison and Pennington, 1954) indicated that succinate would 
likely be a metabolite of these VFA. Surprisingly, no suc­
cinate was detected in the medium resulting from incubation 
of these VFA even though substantial uptake of the acids 
occurred. Instead, a peak appeared on the chromatograms due 
to a metabolite with a retention time of approximately 1.4 
times that of succinate. By analyzing various carboxylic 
acids alone and in varying combinations with the samples by 
the above technique, the metabolite was tentatively identi­
fied as oxalacetate. 
Analysis of standard solutions, prepared from oxalacetate 
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purchased from General Biochemicals resulted in three dis­
tinct peaks on the chromatogram. The first had a retention 
time corresponding to -fumarate, while the second and largest 
peak had the same retention time as the metabolite which 
appeared in the samples. The third peak had a greater re­
tention time than the metabolite and was not identified. Oii 
the other hand, analysis of standard solutions prepared from 
oxalacetate purchased from the California Corporation for 
Biochemical Research resulted in two distinct peaks. The 
first and somewhat smaller peak had a very short retention 
time and was not identified while the retention time of the 
second peak again corresponded to that of the metabolite 
present in the samples. Similar analysis of other carboxylic 
acids (notably lactate and pyruvate) also resulted in the 
appearance of small peaks occurring on the chromatograms at 
the same point as the metabolite. These inconsistencies may 
have been either the result of inter-contamination of the 
various carboxylic acids used or the result of a breakdown 
product of oxalacetate causing the peak in question rather 
than oxalacetate itself. Von Korff (1964) observed that 
pyruvate was many times contaminated with its dimer, 
parapyruvate. Oxalacetate may have been converted to 
parapyruvate during the drying down process or at the time of 
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injection into the chromatograph. The high temperatures 
involved in these processes could have caused decarboxyla­
tion of the oxalacetate with the resulting pyruvate molecules 
condensing in pairs to form parapyruvate. It is improbable 
that the peak in question was due to pyruvate (resulting from 
decarboxylation of oxalacetate during the analysis of 
oxalacetate standards) since pyruvate has a very short 
retention time on a grease type column and, therefore, likely 
masked by the large methanol peak at the temperature used 
in this procedure. 
Before a positive identification can be made with this 
technique purified sources of oxalacetate and other car-
boxylic acids are needed. Even though it is fully realized 
that more work is needed before one can be absolutely sure 
the observed metabolite was oxalacetate, the metabolite will 
be referred to as oxalacetate in the Results and Discussion, 
No quantitative measurements were attempted. 
Lactate acid Lactate analysis was conducted 
according to the technique of Elsden and Gibson (1954), 
Procedures for electron microscope studies and enzyme 
his tochemis try Papillae obtained from biopsy or from 
experimental samples were cut into 1-2 mm. strips for 
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fixation, Caulfield*s fixative of 1% osmium tetroxide in 
veronal acetate buffer with CaCl2 and sucrose at pH 7,4 
with a final osmolarity of 0,034 was used for a period of 1 
hr. at 4°C. Dehydration was through a graded series of 
ethanols and the tissue was embedded in a mixture of anhydrous 
ethyl and butyl methacrylate with 1% benzoyl peroxide (w/v). 
Polymerization of the plastic occurred at 60° within 24 hr.. 
The plastic embedded tissue was trimmed and cut with either a 
g-lass or diamond knife of an LKB Ultrotome for section thick­
nesses of 40-60 m^i. Material was observed with an RCA EMU-3f 
electron-microscope at 100 kv. 
For enzyme histochemistry, the procedure of Hess et al, 
(1958) was used which utilizes MTT (a tetrazolium salt) as 
electron acceptor and p-hydroxybutyrate as the substrate. The 
site of g-hydroxybutyric dehydrogenase, within the mito­
chondria, was evidenced by the presence of the reduced 
tetrazolium salt--blue-purple in color. 
Results and discussion 
Effect of treatment of the tissue prior to incubation 
The effect of immersing rumen mucosa in 39°C. and 0°C, Krebs-
Ringer prior to incubation on butyrate uptake during incuba­
tion is illustrated in Figure 1, Statistical analysis of the 
five comparisons is given in Table 1, Total ketone body 
Figure 1. The effect of immersing tissue in Krebs-Ringer 
solution prior to incubation on the uptake of 
butyrate (micromoles per 100 mg. of dry tissue) 
during a subsequent 3 hr. incubation period 
( immersed at 39°C,; immersed 
at 0°C.) 
The 39° and 0°C. points in the upper portion 
of the figure represent the mean of duplicate 
determinations with mucosa from animals lA, 
2A, and 4A; the 39°—0°C. and 0°—39°C. 
points represent the mean of duplicate de­
terminations with mucosa from animals •3A 
and 4A; and the 39° and 0°C. points in the 
lower portion of the figure represent the 
mean of duplicate determinations with liver 
slices from animals 6C and 7C 
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Table 1. Statistical analysis of the comparison between the metabolism of mucosa 
immersed in 39°C, and 0°C. Krebs-Ringer prior to incubation (analysis" 
based on data collected from animals ,1A, 2A, and 4A) 
Source 
df 
M. S. 
Butyrate 
uptake 
M. S. . 
Acetone-acetoacetate 
production 
Mo S. 
3-hydroxybutyrate 
production 
Blocks (animals) 2 201.2 61.0 36.6 
Treatments 5 223.1** 140.3** 15.9* 
39°C. vs. 0°C. 1 547.7** 310.2** 52.2** 
39°C. linear 1 0.4 65.3 0.1 
39°C. quadratic 1 • 22.5 7.7 0.0 
0°C, linear . 1 467.0** 302.6** 26.0* 
0°C. quadratic 1 76.4 15.6 1.1 
Error 10 26.3 22.4 4.4 
*P < 0.05. 
< 0 .01 .  
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production was very closely correlated .with butyrate uptake 
as would be expected from the results of Pennington (1952) 
and Sutton et aX, (1963b). therefore, unless otherwise 
stated in the following discussion, metabolic activity will 
refer to conversion of butyrate to ketone bodies. 
The results of the trial with mucosa from animal 3A are 
not included in Figure 1 or Table 1 since in this trial the 
'• o 
metabolic activity of the mucosal samples immersed in 0 C. 
Krebs-Ringer for 40 min. was much higher than the activity of 
the samples incubated immediately after immersion began. This 
was the only time that this phenomenon appeared in the 12 
trials conducted to study the effect of immersing rumen 
mucosa in ice-cold Krebs-Ringer, An error may have been made 
in determining the dry weight of these samples since their 
dry weights were relatively low in comparison to other samples 
in this trial. 
Immersion of the mucosa in 0°C. Krebs-Ringer prior to 
incubation resulted in a significant linear decrease in 
metabolic activity over.the 40 min. immersion period used in 
these trials. However, the shape of the curve in Figure 1 
suggests that if the immersion would have been carried on for 
a longer period of time or if more observations would have 
been made during this 40 min, period, the quadratic effect 
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may have been significant since the decrease appears to level 
off in the 20 to 40 min. period as compared to the 0-20 min. 
periodo 
The effect of immersing the mucosa at 39°C. for 20 min. 
followed by immersion at 0°C. for 20 min. prior to incuba­
tion, in comparison to the effect of immersing the mucosa at 
the two temperatures in the reverse order, is also illustrated 
in Figure 1, The decrease in metabolic activity which 
normally occurred following immersion in 0°C. Krebs-Ringer 
did not occur when the mucosa was previously immersed at 39°C. 
In addition, immersing papillae from animal 4B in 0°C. Krebs-
Ringer prior to incubation did not decrease metabolic activity 
whereas immersing papillae from animals 5B and 6B in 0°C. 
Krebs-Ringer prior to incubation markedly decreased their 
metabolic activity. In light of this, it is interesting to 
note that all papillae obtained from animal 4B (including 
that immersed at 0°C. prior to incubation) were shaved from 
the mucosa in 39°C, Krebs-Ringer. On the other hand, with 
animals 5B and 6B the shaving was conducted at the tempera­
ture (either 39° or 0°C.) at which the papillae were immersed 
prior to incubation. Since immersion at 39°C. after immer­
sion at 0°C. did not prevent the decrease in metabolic 
activity whereas immersion at 39°C. before immersion at 0°C. 
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did prevent the decrease which normally occurred with mucosa 
immersed at 0°C., the phenomenon which takes place during 
the immersion in 0°C, Krebs-Ringer must be irreversible, yet, 
preventable by prior immersion in 39°C. 
It is possible that the decrease may have been due to 
the destruction of an enzyme(s) involved in the metabolism of 
butyrate by rumen, mucosa, however, enzymes are generally 
thought to be stable at low temperatures. Fuhrman and Field 
(1945) reported that the inhibition of oxygen consumption 
produced by maintaining rat liver tissue at 0.2°C, for up to 
2 hr, was completely reversible when the tissue was rewarmed 
to 37.7°C, Therefore, since liver tissue also metabolizes 
butyrate (Pennington, 1952), the effect of immersing 
liver tissue in 0°C. and 39°C. Krebs-Ringer prior to incuba­
tion in a butyrate medium was studied. The uptake of buty­
rate by liver tissue was relatively low in comparison to that 
of rumen mucosa in the present trial and the uptake reported 
for liver tissue by Pennington (1952) and Seto et (1955). 
This may be due to slicing the liver too tftin (0.25 mm.) 
since Fuhrman and Field (1945) reported that maximum QO2 
occurred when the thickness of the slices was about 0.55 mm, 
and decreased rapidly when the thickness of the slices were 
below 0.48 mm. It is apparent from Figure 1 that the effects 
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of immersing liver tissue at these temperatures were complete 
opposites to the effects observed with rumen mucosa; the 39°C. 
immersion resulted in a lower metabolic activity than the 0°C. 
immersion. Liver tissue converted butyrate primarily to g-
hydroxybutyrate while with rumen mucosa about two-thirds of 
the total ketone bodies was accounted for by the acetoacetate-
acetone fraction. Therefore, it is possible that somewhat 
different enzymatic pathways are involved, which may be 
affected differently by the immersion at 0°C. and 39°C. On 
the other hand, a marked decrease in the uptake of propionate 
and valerate occurred when mucosa was immersed in 0°C, Rrebs-
Ringer prior to incubation in these substrates (Figure 2), 
Since these two acids are metabolized by a different pathway 
than butyrate (Pennington and Sutherland, 1956b; Annison and 
Pennington, 1954), it seems unlikely that the decrease was 
due to a specific enzyme effect. As a result, it appears 
that rumen mucosa has a unique property which causes the 
irreversible decrease in metabolic activity following immer­
sion in 0°C. Krebs-Ringer. The nature of this property will 
be discussed further in a subsequent discussion of the 
electron microscope work which was conducted.. 
It is interesting to note that the decrease in metabolic 
activity was much more drastic in the trials with propionate 
Figure 2. The effect of immersing rumen mucosa in Krebs-
Ringer solution prior to incubation on the 
uptake of propionate and valerate (micromoles 
per 100 mg, dry mucosa) during a subsequent 
3 hr. incubation period 
The points represent the mean of duplicate 
determinations with mucosa from animal 5C 
for propionate and animal 4C for valerate 
( propionate; valerate) 
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and valerate than in the trials reported in Figure 1 with 
butyrate. Actually a negative uptake value occurred with the 
samples incubated in propionate following immersion in 0°C. 
Krebs-Ringer. This apparent difference between substrates 
may have been actually due to an age or diet difference 
rather than a substrate difference. The mucosa used for the 
valerate and propionate studies was obtained from animals 12 
and 13 mo. of age, respectively, while the mucosa used for 
the butyrate trials reported in Figure 1 was obtained from 
animals 5-8 mo. of age. Also, these younger animals were 
limited to 4 lb. of grain per day while the older animals 
used in the valerate and propionate trials received all the 
grain they would consume (12-16 lb.). A greater reduction in 
butyrate uptake also resulted when mucosa was obtained from 
older animals (14 and 19 mo.) receiving a full feed of grain 
as illustrated in Figure 3. In contrast to the insignificant 
effect of immersing mucosa from younger animals in 39°C. 
Krebs-Ringer (Figure 1), immersion of mucosa from these 
older animals in 39°C. Krebs-Ringer prior to incubation 
caused a decrease in butyrate uptake although not to the 
extent of that with the 0°C. immersion. In addition, a much, 
greater reduction in butyrate uptake occurred when the mucosa 
from the older animals was immersed in 0°C, Krebs-Ringer for 
Figure 3. The effect of immersing rumen mucosa (from 
yearling cattle on a high level of grain 
feeding) in Krebs-Ringer prior to incuba­
tion on the uptake of butyrate (micromoles 
per 100 mg. dry mucosa) during a subsequent 
3 hr. incubation period 
Each point represents the mean of duplicate 
determinations with mucosa from animals 6C 
and 7C ( immersed at 39°C.; — 
immersed at 0°C.) 
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20 min. followed by immersion in 39°C. Krebs-Ringer for 20 
min. prior to incubation (Figure 3 in comparison to Figure 
'  1) .  
Although Sutton (1963) immersed all the mucosa used in 
# 
his studies in ice-cold Krebs-Ringer prior to incubation, he 
reported values for propionate and butyrate uptake by rumen 
mucosa which are of the magnitude of the values in the 
present study with mucosa incubated immediately after it was 
obtained from the rumen without previous immersion in Krebs-
Ringer. However, these animals were quite young (4 mo.) and 
were fed a 1:2 ratio of alfalfa pellets and calf starter pro­
vided ^  lib, along with a limited amount of whole milk. When 
Sutton (1963) incubated mucosal samples from an older steer 
which had been on a full feed of grain, the uptake of butyrate 
and propionate, especially the latter, was lower than that 
of the mucosa from the younger animals. In the studies of 
Pennington (1952) and Seto et al. (1955) substantial amounts 
of butyrate were metabolized by rumen mucosal samples even 
though they were immersed in ice-cold isotonic solutions for-
up to 3 hr. prior to incubation. Neither the age nor diet of 
the animals was stated. > 
Knox (1960) reported that oxygen uptake by rumen mucosa 
from adult cattle was lower than that from younger cattle 
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while Walker and Sitnmonds (1962) reported that the metabolism 
of butyrate was higher with rumen mucosa obtained from 3-11 
week-old lambs than that obtained from adult sheep. Since in 
these studies the mucosa was immersed in ice-cold isotonic 
solutions prior to incubation, the apparent low rate of 
metabolism by rumen mucosa from older animals may actually 
only be the result of a greater reduction in the metabolic 
activity due to immersing in ice-cold isotonic solutions. In 
the present studies butyrate uptake by mucosa incubated 
immediately after it was obtained from the rumen without 
previous immersion in Krebs-Ringer was greater when the 
mucosa was obtained from older animals (Figure 3) than from 
younger animals (Figure 1). It must be kept in mind, however, 
that these results are based on mucosal samples from a very 
limited number of animals and there is also a great variation 
in uptake of butyrate between animals of the same age. 
It should be recalled that there was a difference in the 
level of grain intake between the two age groupsi But, it 
seems unlikely that the higher level of grain feeding with 
the older animals would be the cause of the marked reduction 
in metabolic activity following immersion at 0°C. since they 
had access to hay ^  lib. With mucosa from animals 5B, 6B 
and 3C, which were 12, 13 and 10 mo, of age, respectively. 
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and had received all the grain they would consume (12 lb.), 
the reduction in butyrate uptake following immersion at 0°C. 
was intermediate between those shown in Figures 1 and 3 and 
there was no apparent reduction following immersion at 39°C. 
This implicates age rather than diet as the determining 
factor, but if age is the determining factor there must be 
considerable variation between animals. On the other hand, 
it is possible that length of time on the high level of grain 
feeding may play a role. In the case of the intermediate 
reductions with mucosa from animals 5B, 6B, and 3C, the 
animals had been on full feed for 3-5 mo. while the sharp 
reductions in uptake demonstrated in Figure 3 were obtained 
with mucosa samples taken from calves which had been on full 
feed for 9-14 mo. 
The level of ketone bodies in the control flasks of 
mucosa samples from animal 7C, which had been on full feed 
the longest (14 mo.), was 2 to 3 times higher than that with 
mucosa from any other animal. This would suggest that the 
mucosa from animal 7C may have been producing relative high 
amounts of ketones in vivo. yet metabolic activity of the 
mucosa in vitro was relatively low in comparison to that of 
mucosa from other animals of approximately the same age and 
on the same diet. In addition, except for this animal, the 
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rate of metabolic activity of the mucosa seemed to be cor­
related with the magnitude of the reduction in metabolic 
activity following immersion in 0°C. Krebs-Ringer. There­
fore, it is possible that age, diet, a combination of both, 
or other factors may play a role in determining the metabolic 
rate of rumen mucosa, and mucosa with a high rate of metabo­
lism may be more susceptible to the detrimental effects of 
the immersion in 0°C. Krebs-Ringer solution. 
Removing the mucosa from Krebs-Ringer for even a short 
period of time during the delay between obtaining it from the 
rumen and the start of incubation appears to affect its 
metabolic activity. As indicated in the procedure section, 
it was necessary to shave the papillae from the mucosa in 
order to prepare homogenates. In the case of the first two 
homogenization trials (animals IB and 2B) the papillae were 
removed from Krebs-Ringer for 20 and 10 min., respectively, 
during the shaving process while thereafter the shaving was 
conducted in Krebs-Ringer, In these first two homogeniza­
tion trials, incubation of the papillae resulted in the pro­
duction of substantial amounts of acetate accompanied by a 
relative low acetone-acetoacetate to g-hydroxybutyrate ratio. 
These phenomena appeared to be associated with the length of 
time the tissue was removed from Krebs-Ringer (Figure 4). 
Figure 4. The effect of removing mucosa from Krebs-
Ringer solution in order to shave the 
papillae from the mucosa on the production 
of acetate (micromoles per 100 mg. dry-
papillae) and the ratio of the acetone-
acetoacetate production to g-hydroxy-
butyrate production during subsequent 
incubation of the papillae in a butyrate 
medium for a 3 hr. period 
. The points at 0, 10, and 20 min, repre­
sent the mean of duplicate determinations 
with papillae from animals 3b, 2B, and IB, 
respectively ( acetate production; 
ratio acetone-acetoacetate to 
g-hydroxybutyrate) 
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The appearance of acetate and the shift in the ratio of 
ketones may be explained by a blockage of conversion of 
acetoacetate to acetone (providing acetone contributes sig­
nificantly to the acetoacetate-acétone fraction). From the 
simplified scheme illustrated in Figure 5, it can be seen 
that this blockage would result in a piling up of aceto­
acetate and eventually p-hydroxybutyrate. The buildup of 
acetoacetate could then cause some of it to be split into 
acetate. On the basis of the pathway suggested by Hird and 
Symons (1960) for the formation of ketone bodies from butyrate 
which was discussed in the Review of Literature of this 
paper, this could result from a blockage of the p-hydroxy-
3-methyl-glutaryl pathway with a resulting shift to the 
thiolase pathway. 
There was also a small amount of acetate produced with 
the sections of mucosa which were not removed from Krebs-
Ringer during the delay with animals IB and 2B, However, in 
this case only 1/3-1/2 as much acetate was produced as with 
the papillae samples and the acetoacetate-acetone to g-
hydroxybutyrate ratio was at the normal value of slightly 
above two. Also a relative low rate of metabolism was ob­
tained with mucosa from these two animals (especially IB) in 
comparison to the rate obtained with mucosa from other 
Figure 5, Simplified pathway for the metabolism of butyra'te 
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animals of the same age. In light of the previous discussion 
on the effect immersion of mucosa in Krebs-Ringer and its. 
possible interaction with age of the animal, the lower rate 
of metabolism was most likely the result of immersion of the 
mucosa in 39°C. Krebs-Ringer during the 1-2 hr. delay before 
incubation because of the time consumed in preparing the 
homogenates. In later homogenization trials the delay before 
incubation was only about 0,5 hr, in duration. 
Removing the mucosa from Krebs-Ringer seemed to have 
only a slight effect on total butyrate uptake. With samples 
obtained from animals IB and 2B the uptake by the papillae 
samples was equal to that of the mucosal sections. There­
after, when the papillae were shaved from the mucosa in 
Krebs-Ringer, the papillae samples had a slightly higher 
butyrate uptake than the mucosal sections. The relative 
rates of butyrate uptake with different- preparations of rumen 
mucosal tissue are illustrated in Figure 6, The higher rate 
of metabolism with papillae in comparison to mucosal sections 
suggests that the metabolic activity is associated with the 
epithelium rather than the connective tissue. This is in 
accord with the studies of Sutton _et aj., (1963b), which 
demonstrated that mucosa from milk fed calves showed very 
little papillary development and had very little metabolic 
Figure 6. The uptake of butyrate (micromoles per 100 mg. dry tissue) by various 
preparations of rumen mucosal tissue during a 3 hr. incubation 
period 
The papillated mucosa, mucosa less papillae, papillae, and non-
papillated mucosa values represent the mean of duplicate determina­
tions with tissue obtained from animal 3B; the supernatant and M-
homogenate values represent the mean of duplicate determinations 
with tissue obtained from animals IB and 2B; and the S-homogenate 
value represents the mean of duplicate determinations with tissue 
obtained from animal 4C (S - sonic; M mechanical with Lourdes 
blender) 
Non-Papillated Mucosa 
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activity. It is also interesting to note in Figure 6 that 
the mucosa obtained from a non-papillated area of the rumen 
had approximately the same metabolic activity as mucosa from 
which the papillae had been shaved. 
There was considerable variation in the amount of butyrate 
metabolized by the homogenates prepared with the Lourdes 
blender which seemed to be correlated with the degree of 
homogenization. An attempt was made with mucosa from animals 
4B and 5B to study the effect of immersion of homogenates in 
0°C. and 39°C. Krebs-Ringer prior to incubation, but the lack 
of uniformity between homogenates made the results meaning­
less. In a later trial (animal 4C) it was demonstrated that 
sonic homogenized mucosa had no metabolic activity. Since 
these homogenates were quite uniform with only small 
particles of connective type tissue visible, it appears that 
the metabolic activity of rumen mucosa is associated with the 
intact cell. The uptake of butyrate by sonic homogenates of 
liver tissue from animal 4C was slight but equal to that of 
liver slices, although no ketone bodies were produced by the 
homogenates. Annison and Pennington (1954) reported that 
chopping up rumen mucosa reduced the uptake of VFA. 
The irreversible, yet, preventable (by prior immersion 
at 39°C.) nature of the decrease in metabolic activity of 
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rumen mucosa following immersion in 0°C, Krebs-Ringer, the 
improbability of a specific enzyme effect being involved in 
this decrease, and the fact that the metabolic activity of 
rumen mucosa is associated with the intact cell suggest that 
the decrease in metabolic activity may have been due to a 
physical phenomena caused by the immersion at 0°C. Therefore, 
mucosa samples were observed under the electron microscope. 
The structure of epithelial and connective tissue layers 
in mucosa fixed immediately after it was obtained by biopsy 
from a fistulated steer is illustrated in Figure 7. The 
intracellular structures (notably the nucleus and mito­
chondria) appear to have been very well preserved. Micro­
graphs of the biopsy tissue were comparable to the micro­
graphs of rumen mucosa prepared by Hyden (1964), Therefore, 
the biopsy tissue served as a control to compare with mucosa 
fixed immediately after it was obtained from the rumen of a 
sacrificed animal (3C), mucosa fixed following immersion in 
0°C. Krebs-Ringer for 40 min., and mucosa fixed following 
immersion in 39°C, Krebs-Ringer for 40 min. (Figures 8, 9, 
and 10, respectively). 
In comparing the various micrographs, it is noted that 
there appears to have been very little destruction in the 
intracellular structure of the mucosa fixed immediately after 
Figure 7. Electron micrograph (unstained - 9600x) of 
rumen mucosa fixed immediately after being 
obtained by biopsy (M - mitochondria; N -
nucleus) 
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Figure 8. Electron micrograph (potassium permanganate 
stained - 9600x) of rumen mucosa fixed 
immediately after being obtained from a 
sacrificed animal ( M -mitochondria; N -
nucleus) 
Figure 9. Electron micrograph (lead citrate stained -
9600x) of rumen mucosa fixed following immer­
sion in 0°C. Krebs-Ringer for 40 min. (M -
• • mitochondria; N - nucleus) 
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Figure 10, Electron micrograph (potassium permanganate 
stained - 9600x) of rumen mucosa fixed 
following immersion in 39°C. Krebs-Ringer 
for 40 min. (m - mitochondria; n - nucleus) 
Figure 11. Micrograph (bright field - 500x) of rumen 
mucosa following its incubation in a g-
hydroxybutyrate medium in the presence of 
a tetrazolium salt (m - mitochondria; CT 
connective tissue; E - epithelial tissue; 
K - keratinized epithelial tissue) 
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it was obtained from the rumen of a sacrificed animal (Figure 
8) in comparison to the biopsy control (Figure 7). With 
mucosa that was immersed in Krebs-Ringer for 40 min. at 0°C. 
prior to fixation (Figure 9), the cells appear to have been 
somewhat washed out. This is especially apparent in the 
nucleus which appears to contain very little nucleoplasm and 
the mitochondria which appear as vacuoles in many cases. 
There are very few mitochondria which have visible crysta and 
in some cases the mitochondrial membrane appears to have been 
disrupted. On the other hand, with the mucosa which was 
immersed for 40 min. in Krebs-Ringer at 39°C. (Figure 10), the 
cytoplasm as well as the nucleoplasm of the connective tissue 
appear as somewhat of a coherent mass as if they were coagu­
lated. This was even more apparent in the epithelial layer 
of the mucosa and masked the other intracellular structures 
to such a degree that it was difficult to obtain suitable 
micrographs. But, it should be noted that crysta are still 
visible in the mitochondria and there appears to have been 
little loss of material from the mitochondria in Figure 10. 
The metabolic activity of the mucosa samples handled in 
the same manner prior to incubation as were the samples prior 
to fixation for study with the electron microscope is given 
in Table 2. Since the conversion of butyrate to ketones 
Table 2. .Metabolism of butyrate by rumen mucosa handled similarly to that 
studied with the electron microscope (Animal 3C) 
Immersion Butyrate Acetone-acetoacetate p-hydroxybutyrate 
in Krebs-Ringer uptake production production 
Micromoles/100 mg. dry mucosa 
None 70.7* 51,6 16,9 
75.2 47.6 17,0 
40 min, • - 39°C, 75.1 50,7 21.4 
82.4 55.4 20,4 
40 min, • - 0°C. 27.9 22.2 9.0 
20.7 18.1 7.1 
^Each figure represents metabolism by one tissue sample; since each 
treatment was run in duplicate, two results are recorded. 
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would be expected to involve mitochondrial enzymes, the 
apparent disruption of the mitochondrial structure in the 
mucosa immersed in 0°C. Krebs-Ringer would appear to have 
been a major contributing factor to the low metabolic activity 
of this tissue. This was supported by the histochemical 
localization of g-hydroxybutyrate dehydrogenase. The staining 
of the mitochondria in the cells in Figure 11 was due to the 
precipitation of a reduced tetrazolium salt (MMT) as the 3-
hydroxybutyrate was oxidized. This micrograph also points 
out that the activity was primarily located in the non-
keratinized epithelial layer of the mucosa. The localiza­
tion, staining intensity, and mitochondria s ze did not 
appear to be effected by immersion of the mucosa in 39° or 
0°C. Krebs-Ringer prior to the histochemical localization 
study. Therefore, it appears that this particular enzyme, 
p-hydroxybutyrate dehydrogenase, was not affected by the 0°C. 
immersion but it should be kept in mind that we are dealing 
with a complex enzyme system in the conversion of butyrate 
to ketones. 
Trump _et (1964) reported that freezing of mouse 
liver slices caused certain abnormalities in cell structure 
due to the formation of ice crystals. It is unlikely that 
ice crystals would have formed in the tissue that was 
77 
immersed in the 0°C. Krebs-Ringer, but it cannot be ignored 
since the ice-cold (0°C.) Krebs-Ringer was prepared and main­
tained by adding ice cubes of Krebs-Ringer to liquid Krebs-
Ringer. Trump et aj.. (1964) observed that the intracellular 
changes were minimal in tissue frozen in dry ice due to the 
presence of mostly extracellular ice crystals. On the other 
hand, with more rapid freezing (in isopentane or propane) 
numerous alterations including disruption of the crysta, 
loss of matrix granules from the mitochondria and interrup­
tions of the mitochondrial membrane occurred. Therefore, 
Trump et al. (1964) indicated that slow rates of cooling 
might be beneficial in preserving'cellular structure. But, 
we should not lose site of the fact that rumen mucosal tissue 
appears to react quite differently than liver tissue to 
immersion in 0°C. Krebs-Ringer. 
It is also possible that the decrease in metabolic 
activity and corresponding apparent loss of material from 
the cell may have been due to simply diffusion without any 
accompanying physical disruption of cellular structures. Hess 
et al. (1958) indicated that soluble pyridino-protein enzymes 
(which include many dehydrogenases) diffuse markedly from the 
mitochondria in a hypotonic media and to some degree in an 
isotonic media. Of course the Krebs-Ringer solution used in 
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the present trial was isotonic. If diffusion of.the enzymes 
was taking place, the coagulation which appears to have 
taken place may have prevented the diffusion in the 39°C. 
Krebs-Ringer. This coagulation would also explain the 
reason for the lack of the decrease when the tissue was 
immersed in 0°C. Krebs-Ringer following previous immersion 
in 39°Co Krebs-Ringer. Since conversion of butyrate to 
ketones involves an elaborate system involving several enzymes 
(Hird and Symons, 1961) any diffusion of the enzymes would 
decrease the rate of metabolism due to a reduction of the 
chance of the proper substrate coming in contact with the 
proper enzyme. 
Metabolism of various VFA The uptake of acetate, 
propionate, butyrate, isobutyrate, valerate, isovalerate, 
caproate and lactate by rumen mucosa during the 3 hr. incuba­
tion period is given in Table 3 along with the resulting 
ketone body production. The substantial negative uptake 
value obtained for acetate is somewhat surprising in light of 
the results reported by other workers. Pennington (1952) 
obtained a positive uptake of 4,9 micromoles/100 mg. dry wt. 
of rumen mucosa while Sutton ^  al. (1963b) obtained an 
uptake of 5.9 micromoles with mucosa from calves on a milk-
hay-grain diet. Since no acetate was produced in the con-
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trois, the negative uptake value for acetate may be due to 
the correction for tissue retention of VFA (10-15%) which was 
based on the work of Sutton (1962) with butyrate. If no 
retention correction is made for acetate the uptake value in 
Table 3 would become a positive 2.35. It appears that a 
small amount of acetate was metabolized since 3.1 micromoles 
of acetone-acetoacetate/100 mg, of dry mucosa was produced. 
The uptake value and the slightly negative ketone body 
production listed in Table 3 for propionate are very similar 
to those obtained by Sutton et al. (1963b) and Pennington 
(1952 and 1954) in the presence of a 5% carbon dioxide atmos­
phere. Since further work by Pennington and coworkers 
(Pennington and Sutherland, 1956b; Annison and Pennington, 
1954) indicated that propionate, isobutyrate, and valerate 
are converted to succinate", the samples obtained after incu­
bation of mucosa from animal 3C with propionate, Isobutyrate, 
and valerate,were analyzed for succinate. As noted in the 
procedure section succinate was not detected, but instead a 
metabolite tentatively identified as oxalacetate was de­
tected. The addition of 0,01 and 0.02 M. malonate to the 
propionate substrate prior to incubation with mucosa samples 
from animal 5C resulted in a decrease in propionate uptake 
from 28.4 to 4.5 and -6.80 micromoles/100 mg. dry mucosa. 
Table 3. Metabolism of VFA by rumen mucosa (animals IC and 2C) 
Substrate Substrate Acetone-acetoacetate p-hydroxybutyrate 
uptake production production 
Micromoles/100 mg. dry mucosa 
Acetate^ -7.2 3.1 0.3 
Propionate^ 34.0 -2.3 -0.3 
Butyrate^ 60.1 44.6 18.7 
Isobutyrate^ 36.9 -2.1 0.0 
Valerate^ 54.4 0.0 6.1 
Isovalerate^ 5.9 8.1 0.5 
Caproate^ 43.5 17.1 37.7 
Lactate^ 100.6 -0.2 0.8 
^Duplicate sample 
represents the ave. of 
from each animal was 
four determinations. 
incubated, therefore, each value 
^Lactate analysis 
each value represents 
was conducted only with samples 
ave. of two determinations. 
from calf 2C; therefore, 
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respectively, while 0.002 M malonate had no apparent effect 
on propionate uptake. Oxalacetate production appeared to 
decrease proportionately to propionate uptake (quantitative 
measurements of oxalacetate were not conducted) but again no 
succinate was detected even though malonate is known to 
inhibit the conversion of succinate to fumarate. Pennington 
(1954) reported that succinate production accounted for 38% 
of the propionate uptake after the addition of malonate com­
pared to 2.6% without malonate. But, it should be pointed 
out that even with malonate less than two micromoles of 
succinate/gram of wet tissue was produced in the trial of 
Annison and Pennington (1954). Such a low level of succinate 
would not have been detected by the analysis used in the 
present study. In light of this, it may be that an accumula­
tion of succinate to even a limited'degree rapidly blocks 
further metabolism of propionate. Certainly, the decrease in 
propionate metabolism and apparent de'crease in oxalacetate 
in the presence of malonate indicate that propionate is 
metabolized via carbon dioxide fixation to succinate. The 
negative ketone production was most likely a result of the 
production of oxalacetate which enabled any acetyl CoA 
present to be oxidized via the Krebs cycle rather than being 
converted to ketone bodies. 
' -
If one assumes that one mole of ketone bodies can,be 
produced from each mole of butyrate metabolized, the ketone 
body production accounted for slightly over 100% of the 
butyrate uptake. Ketones accounted for approximately 50% of 
the uptake in the trial of Seto _et al. (1955), approximately 
70% in the trial of Pennington (1952) and 88% with mucosa 
from calves on a miIk-hay-grain diet but for only 29% with 
mucosa from calves on a milk diet in the trial of Sutton 
et al. (1963b). No production of acetate or any other VFA 
was noted in the present trial when butyrate was the sub­
strate. Therefore, it appears that butyrate is primarily 
metabolized to ketone bodies by rumen mucosa, at least when 
the mucosal papillae are well developed. 
The intermediate level of isobutyrate uptake and cor­
responding slightly negative ketone production observed in 
the present trial are in agreement with the work of Annison 
and Pennington (1954). Although Annison and Pennington 
(1954) reported that small amounts of acetate and propionate 
were produced in their studies with isobutyrate, neither was 
detected in the present trial. Oxalacetate was detected in 
the samples obtained by incubating mucosa from animal 3C 
with isobutyrate. This was likely a result of conversion of 
isobutyrate to methylmalonate (as indicated by Atchley (1948) 
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with kidney tissue) which then could have been metabolized 
to oxalacetate via isomerization to succinate. Therefore, 
the negative ketone production was probably a result of the 
oxalacetate enabling any acetyl CoA present in the tissue to 
be metabolized via the Krebs cycle rather than being converted 
to ketones. 
Valerate uptake was somewhat higher in the present trial 
than in the trial of Annison and Pennington (1954) in which 
it was slightly lower than isobutyrate uptake. Acetate and 
•propionate production was noted in both the trial of Annison 
and Pennington (1954) and the present one but was very small 
in the latter. This is in accordance with the work of Siegel 
and Lorber (1951) which indicated that rat liver tissue 
split valerate into a two-carbon and a three-carbon molecule 
by p-oxidation. Ketone production,,could have resulted from 
condensation of the two-carbon units (acetyl CoA) in pairs. 
In the present trial, oxalacetate was detected in samples 
obtained by incubation of valerate with mucosa from animal 
3C which was likely formed from the three-carbon unit in the 
same manner as suggested for propionate. The production of . 
oxalacetate may have been the reason for the low ketone body 
production compared to the expected level of one-half the 
level of valerate uptake providing all the acetyl CoA units 
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were converted to ketones. The presence of oxalacetate would 
have enabled the acetyl CoA to be metabolized via the Krebs 
cycle as was the case with the negative ketone production 
with propionate and isobutyrate. The appearance of p-
hydroxybutyrate as the sole ketone is interesting. This may 
have been due to production of NADH during oxidation of the 
acetyl CoA via the Krebs cycle and during the conversion of 
the three-carbon unit to oxalacetate; NADH then would have 
been available for reduction of acetoacetate to p-hydroxy-
butyrate. 
The low level of uptake of isovalerate was also noted 
by Annison and Pennington (1954), Coon (1950) found that rat 
liver split isovalerate into two-carbon and three-carbon 
molecules. The two-carbon unit combined in pairs to give 
acetoacetate while the three-carbon units combined with a 
molecule of carbon dioxide to form acetoacetate. Annison 
and Pennington noted small amounts of acetate and isobutyrate 
was produced from isovalerate and that the presence of carbon 
dioxide increased the uptake of isovalerate by rumen mucosa, 
Isobutyrate also appeared in the incubated samples in the 
present trial but it was found to be a contamination in the 
isovalerate substrate. In the above suggested pathway for 
isovalerate metabolism, each mole of isovalerate would 
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produce 1.5 moles of ketones. On this basis the 8,7 micro-
moles in Table 3 accounted for 97% of the possible production 
from the uptake of 5.9" micromoles. Annison and Pennington 
observed 38% of the possible maximum ketone production in 
their.trial. . -
The high levels of ketones' produced with caproate sug­
gest that it is metabolized by p-oxidation to acetyl CoA and 
butyryl CoA which are then converted to ketone bodies. There­
fore, each mole of caproate metabolized would be expected to 
produce 1,5 moles of ketones as was the case with valerate. 
On this basis the ketone production listed in Table 3 repre­
sents 847o of the total possible. Small amounts of acetate and 
propionate were detected in the samples following incubation 
of rumen mucosa with caproate but no butyrate was detected. 
The propionate production may have been due to the presence 
of a minor pathway. In light of the high ratio of acetone-
acetoacetate to p-hydroxybutyrate produced with butyrate as 
a substrate and the expected combination of two acetyl CoA 
to form acetoacetate, the high level of p-hydroxybutyrate in 
comparison to acetone-acetoacetate is unexplainable. 
The high uptake of lactate was not accounted for since 
in addition to the insignificant ketone production there was 
no VFA detected in the samples and the amount of oxalacetate 
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appeared to be less than that produced with propionate, 
isobutyrate, or valerate. Oxalacetate may have been produced 
via carbon dioxide fixation of pyruvate which would have then 
allowed additional lactate to be metabolized via the Krebs 
cycle. Pennington and Sutherland (1956a) found a much 
lower rate of lactate uptake by rumen mucosa but the ketone 
production was somewhat higher than that in Table 3, 
In Vivo Metabolic Activity 
Procedure 
Animals An in vivo trial was conducted with calves 
6035 and 7046 at 2 and 7 mo. of age, respectively. Both 
calves had access to calf starter since they were 4 days of 
age;•therefore, papillary development had taken place in both 
of their rumens but to a greater extent in the older calf. 
Along with the placement of rumen fistulas, the right carotid 
artery of calf 6035 was exteriorized for arterial blood 
collection by the procedure of Lirizell (1963) while a catheter 
was placed in the femoral artery^ of calf 7046 for arterial 
blood collection. In a separate operation following the 
^Catheterization was conducted by A. D. McGilliard. 
Dairy Science, Iowa State University of Science and Tech­
nology, Ames, Iowa. 
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placement of the fistulas in the calves, a catheter was 
placed in the portal vein^ for portal blood collection. 
The trial was conducted 3 wk. following portal vein 
catheterization with calf 6035 and 2 wk. after with' calf 
7046. The calves received no feed for 24 hr. prior to a 
trial. The rumen was emptied via the fistula with a suction 
pump and rinsed twice with Krebs-Ringer solution prior to 
introduction of the treatment solution. 
Treatment solution The solution introduced into the 
rumen was a modified Krebs-Ringer-phosphate solution contain­
ing 0.02M butyrate which is approximately the level normally 
found in the rumen fluid. In trial one (calf 6035) the 
butyrate was added to the Krebs-Ringer-phosphate solution 
while in trial two (calf 7046) the butyrate was substituted 
for an equal amount of NaCl such that the solution remained 
equimolar with blood (Table 4). A total of 1250 ml. and 4000 
ml. of test solution was introduced into the rumen via the 
fistula in trials one and two, respectively. In both trials 
a portion of the butyrate was labeled with in the three-
position such that a total of 0,5 mc, of was introduced. 
Analysis Blood samples were taken from the carotid 
^McGilliard, op.cit. 
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Table 4. Composition of the test solution introduced into 
the rumen in the in vivo trials 
Component 
Molarity 
Trial 1 
Calf 6035 
Molarity 
Trial 2 
Calf 7046 
NaCl 0.127 0,107 
KCl 0,005 0.005 
CaClg 0.003 0.003 
KH2PO4 0.001 0.001 
Mgso^* 0.001 0.001 
Phosphate buffer, pH 6.64^ 0.010 0,010 
Butyrate, pH 7.2 0.020 0.020 
^Sorensen phosphate buffer composed of four parts 
NaH2P04 (14.15 g./l.) and six parts KH2PO4 (13.55 g./l.). 
or femoral artery and the portal vein just before the test 
solution was introduced (0 min.) and at 5, 15, 30 and 60 min, 
thereafter. The blood was analyzed for VFA and ketone body 
concentrations as well as for total radioactivity and the 
distribution of activity among various blood constituents. 
Ketone body concentration Acetone plus aceto-
acetate and p-hydroxybutyratewere determined by a slight 
modification of the technique used in the in vitro analysis. 
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Three ml. of blood was laked with 12 ml. of H2O followed by 
additions of 6 ml. each of 0.3N Ba(0H)2 and 5% ZnSO^ to 
precipitate protein according, to the technique of Somogyi 
(1945), Following centrifugation the supernatant was decanted 
into a 25 ml. volumetric flask and made to volume. There­
after the procedure was identical to that of Sutton et al. 
(1963b) which was used in the present vitro study. 
VFA concentration VFA were also determined by a 
slight modification of the vitro procedure. Protein was 
precipitated by a modification of the procedure of Folin and 
Wu (1919). Five ml. of blood was laked with 20 ml. of H2O 
and the protein precipitated by the additions of 5 ml, each 
of 10% Na2W0^ and 0.78N H^SO^. Following centrifugation the 
supernatant was decanted, made to pH 9 with 2.5N KOH, and 
evaporated to near dryness under vacuum at 55°C, A few drops 
of 50% #2^0^ were added and the resulting solution made to 
1.25 ml. with H2O. The samples were then analyzed by the 
gas-liquid chromatographic procedure used in the in vitro 
studies. 
Total radioactivity Three ml. of the protein-
free sample prepared for determination of ketone body con­
centration was added to a 25 ml. plastic vial with 20 ml. of 
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scintillation fluid^. Two 10 min, counts were made with a 
Packard Model 3002 Tri-Carb Liquid Scintillation Spectrometer 
with a window width of 50-1000 and a gain of 7%. In trial 
one the activity in these Ba(0H)2-ZnS0^ protein precipitated 
samples checked very closely with the activity in samples 
from which the protein had been precipitated with the Na2W0^ 
procedure used for VFA determinations. Therefore, no check 
was run in trial two. All counts were corrected for back­
ground . 
Distribution of radioactivity An attempt was 
made to adapt the technique of Van Slyke (1917) to separate 
the ketone bodies as a precipitated acetone-mercury complex. 
But consistent results were not obtained with labeled 
acetone and g-hydroxybutyrate standards. Therefore, the 
distillation method used in determining the concentration of 
ketone bodies was used. 
Three ml. of the acetone-acetoacetate and g-hydroxy-
butyrate fractions was counted in the same manner as for the., 
total radioactivity determinations and corrected for recovery 
of labeled standards. Recovery rates ranged from 94-99% for 
^7go/l. 2,5-diphenyloxazole (PPO), 0.3 g,/l. l,4-bis-2-
(5-phenyloxazolyl)-benzene (POPOP), and 100 g./l. naphthalene 
in dioxane (reagent grade). 
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acetone and 58-65% for p-hydroxybutyrate. Even though it was 
realized that other volatile labeled substances (particularly 
VFA) would be distilled over in the acetone-acetoacetate 
fraction, no attempt was made to correct for this in trial 
one since the activity in the acetone-acetoacetate fraction 
was less than 10% in every sample. In trial two an extra 
distillation of each sample was conducted to determine the 
contribution of labeled VFA to the activity in the acetone-
acetoacetate fraction. The acetone-acetoacetate fraction 
from this distillation was made to pH 9 with 2.5N KOH and 
evaporated to dryness under vacuum at 55°C. A few drops of 
50% H2S0^ was added to neutralize the solution and then the 
solution made back to the original volume of 5 ml. with H2O. 
Three ml. of this solution was counted, corrected for re­
covery, and reported as the VFA fraction. To calculate the 
activity present in the acetone-acetoacetate fraction in trial 
two, the activity remaining after drying down was subtracted 
from the total present in this fraction. The difference was . 
then corrected for acetone recovery and reported as the 
acetone-acetoacetate fraction. Less than 0.5% of the activity 
present in labeled acetone standards and 80-82% of the 
activity present in labeled butyrate standards was recovered 
after the standards were dried down. 
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Results and discussion 
The results obtained in the two trials are given in 
Tables 5 and 6, No butyrate was detected in any sample from 
either calf even though the gas chromatographic technique 
would detect levels of 0.05 mg, %. Although small amounts of 
acetate were present in the blood, there was no apparent change 
in its concentration after administration of the test solu­
tion. This lack of appearance of significant amounts of 
butyrate in the blood, the consistently higher levels of 
ketone bodies observed in the portal samples in comparison to 
arterial, samples, and the high percent of the activity ob­
served in the g-hydroxybutyrate fraction suggest that butyrate 
for the most part was metabolized to ketones by the rumen wall 
during absorption. There may have been an exception to this 
pathway of absorption for a short period of time after the 
butyrate.was suddenly introduced into the rumen. With calf 
7046 seventeen percent of the activity of the 5 min. portal 
sample was present in the VFA fraction in comparison to less 
than 4% in the other blood samples from this calf. Since the 
procedure used in trial one did not separate any activity 
which may have been associated with VFA from that associated 
with acetone and p-hydroxybutyrate, it was impossible to 
determine if this was also the case in trial one. Yet, it 
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Table 5, Ketone levels in the blood following the addition 
rumen 
Min. after 
addition of 
butyrate to 
the rumen 
0 
5 
15 
30 
60 
Calf 6035 
Acetone-acetoacetate S-hvdroxvbutvrate 
Arterial Portal Arterial Portal 
0.1 
0.05 
0.3 
0:2 
0 . 2  
0.1 
0.1 
0 . 2  
0.5 
0 . 2  
1 .1  
1 . 6  
1.6 
2 . 2  
2 . 0  
1.6 
2.4 
2 . 2  
2.5 
2.3 
Mg. 
'ollowing the addition of a 0.02M butyrate solution to the 
L35 Calf 7046 
B-hvdroxvbutvrate Acetone-acetoacetate B-hydroxybutyrate 
Arterial Portal Arterial Portal Arterial Portal 
Mg. % 
1.1 1.6 0.2 0.1 4.7 5.2 
1.6 2.4 0.3 0.8 7.0 8.8 
1.6 2.2 0.5 0.8 8.7 9.6 
2.2 2.5 0.4 0.5 10.1 10.3 
2.0 2.3 0.2 0.5 8.2 9.3 
4 
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Table 6. Distribution of the activity in the blood follow: 
to the rumen 
Min. after 
addition of 
butyrate to 
the rumen 
Total 
Arterial Portal 
Acetone-
acetoacetate 
Arterial Portal 
Calf 6035 
0 
5 
15 
30 
60 
Calf 7046 
0 
. 5 
15 
30 
60 
counts/ml./min. 
0 
787 
933 
1208 
1191 
0 
1006 
1508 
1355 
1219 
0 
1272 
1716 
1966 
2120 
0 
3496 
2136 
2112 
1469 
4.5 
6.4 
5.1 
5.5 
7.1 
9.0 
6.5 
7.1 
9.8 
9.3 
9.2 
10.7 
18.7 
13.1 
10.6 
9.6 
I the blood following addition of 0.5 mc, of S.-C^'^-butyfate 
Acetone- g-
acetoacetate hvdroxybutvrate VFA 
Arterial Portal Arterial Portal Arterial Portal 
% of total 
- - - Not determined 
4.5 9.8 87.8 67.9 Not determined 
6.4 9.3 87.4 91.3 Not determined 
5.1 9.2 96.3 97.7 Not determined 
5.5 10,7 87.0 85.7 Not determined 
7.1 18.7 86.5 67.7 3.4 17.3 
9.0 13.1 89.7 85.6 3.5 3.8 
6.5 10.6 94.2 86.1 2.7 3.7 
7.1 9.6 88.8 87.6 1.9 3.1 
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should be noted that the percentage of the activity associated 
with the g-hydroxybutyrate fraction of the 5 min, portal sample 
was much lower in trial one, just as it was in trial two. 
It is possible that rapid administration or production 
of the butyrate floods the metabolic system for conversion of 
butyrate to ketones in the rumen mucosa. Therefore, for a 
certain period of time until the system is able to adjust, 
some butyrate may be absorbed as such. Sutton (1962) re­
ported that the administration of 1.34 g./kg. body weight 
of butyrate to the rumen of a calf resulted in a rapid rise 
in jugular blood VFA concentration. A peak increase of 
approximately 2 mg./lOO ml. of blood was reached 5 min. 
after administration; thereafter a rapid decrease in VFA 
concentration resulted. With the much lower level of ad­
ministration in the present trials, it should be recalled 
that the level of butyrate in the blood never exceeded 0.05 
mg.%. 
Annison et aj,. (1957) observed a high portal blood 
ketone level and a low concentration or complete absence of 
butyrate in portal blood both when comparatively large 
amounts of butyrate occurred naturally in the rumen and when 
300 micromoles of butyrate was added to the rumen. But, when 
50 micromoles of butyrate was added to the rumen every hour, 
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he reported that a rise in butyrate in the portal blood 
accompanied the rise in ketone bodies. McCarthy ^  al. 
(1958) reported that blood ketones did not increase after the 
addition of butyrate to a perfused rumen aind only a trace of 
the label from labeled butyrate appeared in the ketone 
body fractions. In another rumen perfusion study Brown ^  
al. (1960) found an appreciable amount of butyrate and only a 
small amount of ketones present in the blood when normal VFA 
concentrations were used, but levels of ketones increased 
after the addition of higher levels of butyrate. Brown ^  
al. (1960), therefore, concluded that ketone body production 
by rumen mucosa may only be of Importance when high levels of 
butyrate are present in the rumen. On the other hand, the 
present in vivo study and that of Annison ^  aj., (1957) sug­
gest that substantial amounts of ketones bodies occur in the 
portal blood with normal levels of butyrate in the rumen. 
Work at the Pennsylvania Agricultural Experiment Station 
(Johnston et al. 1961; Joyner et a^. 1963) on the absorption 
of butyrate from the omasum is also in agreement with the 
present rumen absorption study. Labeled g-hydroxybutyrate 
contributed greatly to the total activity present in both 
omasal and carotid blood after the administration of labeled 
butyrate to the omasum. 
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In light of the'normal 2:1 acetone-acetoacetate fraction 
to p-hydroxybut-yrate fraction obtained during in vitro 
studies, the much greater increase in g-hydroxybutyrate blood 
levels than acetone-acetoacetate levels, and the high propor­
tion of activity present in the p-hydroxybutyrate fraction are 
somewhat confusing. But, this may have been due to rapid 
conversion of acetoacetate and acetone to g-hydroxybutyrate 
in the blood. Clarke and Malan (1956) observed that aceto­
acetate ethyl ester was rapidly converted to g-hydroxybutyrate 
either when injected into the circulating blood of sheep or 
when added to blood incubating in vitro. 
In the present study it was found that allowing 
heparinized blood to stand in the refrigerator caused a 
decrease in the concentration of acetone-acetoacetate frac­
tion especially when acetone and acetoacetate were present at 
high levels. However, under these conditions acetone and 
acetoacetate were evidently not converted to g-hydroxybutyrate 
since the concentration of the latter remained constant. 
This may have accounted for the fact that in.trial one there 
was no apparent increase in the percent activity in the 
acetone-acetoacetate fraction (which includes VFA) of the 5 
min. portal blood sample associated with the observed de­
crease in the percent activity in the g-hydroxybutyrate 
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fraction. On the other hand, in trial two there was a 
definite increase in the percent activity associated with 
the acetone-acetoacetate and VFA fractions which accounted 
for the decrease in" the percent activity associated with 
p-hydroxybutyrate. The blood samples from calf 6035 (trial 
one) were allowed to stand in the refrigerator for several 
days before the protein precipitation process was conducted 
while the samples from calf 7046 (trial two) were processed 
immediately. The higher relative level of acetone-
acetoacetate in the 5 min, portal blood sample may have 
been due to the blood being unable to rapidly reduce the 
large amount of acetoacetate that was being absorbed into 
the blood at that time. 
The tremendous difference in the levels of g-hydroxy-
butyrate detected in the blood of the two calves is interest­
ing in light of their age differences. The higher level of 
P-hydroxybutyrate observed in the blood samples from calf 
7046 was most likely a result of the greater papillary de­
velopment noted with this calf due to the longer period of 
calf starter feeding prior to the trial. It should also be 
noted that the total activity in the blood continued to 
increase up to 30 min. with calf 6035 while maximum activity 
occurred much sooner with the older caif (7046). On the 
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other hand, the blood levels of ketones peaked at 30 min. in 
both calves. This may have been due to the absorption of 
butyrate as such for a longer period of time with the younger 
calf (6035) due to a greater overloading of the metabolic 
system. It was impossible to determine whether this was the 
case since the activity associated with VFA was not separated 
from that associated with acetone and acetoacetate in trial 
one. 
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GENERAL DISCUSSION 
The results of the present trial indicated that the 
metabolism of VFA by rumen mucosa was associated with the 
intact cell. Moreover, to preserve the intracellular 
structure and maintain metabolic activity it was necessary to 
immerse in 39°C, Krebs-Ringer rather than 0°C, Krebs-Ringer; 
the reason for the superiority of the former was not def­
initely established. More work needs to be conducted with 
the electron microscope, especially the observation of mucosa 
subjected to the crossover treatments (immersion at 0°C. 
followed by 39°C, and vice versa) since the detrimental 
effect of immersion at 0°C. did not occur when the mucosa 
was previously immersed at 39°C. This work is in progress 
at the present time. It is possible that simple diffusion in 
the isotonic Krebs-Ringer caused the decrease in activity 
and apparent loss of material from the cell during immersion 
of mucosa in 0°C. Krebs-Ringer (discussed in the Results); 
thus, a study with mucosa immersed in hypotonic, isotonic, 
and hypertonic solutions at 0°C. and 39°C. may be desirable. 
The apparent superiority of 0°C. Krebs-Ringer in compari­
son to 39°C. Krebs-Ringer in maintaining the metabolic 
activity of liver tissue in contrast to the opposite effect 
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observed with rumen mucosa also requires further study. 
Since the low rate of metabolism in the present study may 
have been due to severe'tissue damage as a result of the very 
thin slicing, the immersion of liver tissue in Krebs-Ringer 
at 0°C. and 39°C. needs to be repeated with thicker slices 
and in conjunction with electron microscope studies. 
The possibility of diet and/or age of the animal com­
pounding the results obtained with the immersion at 0°C, and 
39°Co was perplexing and certainly must be explored further 
before one can draw a definite conclusion. Although the 
effect of diet and age on the gross anatomy and histology as 
well as the iji vitro metabolic activity and in vivo absorp­
tive ability of the rumen mucosa has been studied by various 
workers including Jacobson, McGilliard and associates at the 
present institution (Tamate et , 1963 and 1964; Sutton ^  
al., 1963a and 1963b), insofar as the author is aware no 
electron microscopic studies have been conducted in this 
area. Therefore, it would be interesting to study the 
intracellular structure' present in rumen mucosa in relation 
to the physiological development of the rumen. 
The work reported herein along with the in vivo work of 
Annison _et a^, (1957) substantiates the theory of Pennington 
and Pfander (1957), based on in vitro work, that the metabo­
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lism of butyrate to ketones plays a major role in the absorp­
tion of butyrate from the rumen. However, here again, the 
picture is not complete. Although incubating butyrate with 
acetate and propionate had little effect on the production 
of ketones in the trial of Pennington and Pfander (1957), 
the effect of in vivo administration of propionate along with 
butyrate is not so clear. Clarke and MaIan (1956) observed 
a ketolytic effect of propionate administration to the rumen 
in conjunction with butyrate while Johnson (1955) reported 
that propionate inhibited the ketogenic action of butyrate 
only when the amount of the two acids administered was low. 
The significant amount of activity associated with the VFA 
fraction of the 5 min, portal blood sample in the second in 
vivo trial and the report by McCarthy et al,. (1958) of an 
increase in blood butyrate levels following butyrate ad­
ministration to the perfused rumen suggest that absorption of 
butyrate as such may be important in certain cases. There­
fore, the jji vivo tracer work conducted in the present study 
needs to be repeated with varying levels of butyrate and in 
the presence of other VFA in addition to butyrate. 
The low percentage of butyrate uptake represented by 
ketones in mucosa from milk-fed calves as compared to the 
percentage accounted for in milk-hay-grain fed calves in the 
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study of Sutton ^  (1963b) indicates that the diet of the 
animal may affect the role that metabolism of butyrate plays 
in its absorption from the rumen. Therefore, it would be 
interesting to repeat the in vivo tracer studies with calves 
receiving an- all milk diet as well as with calves receiving 
various combinations of hay and grain. Blood flow determina­
tions would certainly be of great value in these in vivo 
tracer studies. This would enable one not only to determine 
the form in which butyrate is absorbed but would also enable 
one to determine the rate of butyrate absorption. 
The observation of a low rate of acetate metabolism by 
incubating mucosa in the present trial as well as in other 
studies (Pennington, 1952; Seto et , 1955; Sutton et al.. 
1963b) and the corresponding lack of, or only slight increase 
in, blood ketones following administration of acetate to the 
rumen (Forbes, 1943; Johnson, 1955; Schultz and Smith, 1951) 
suggest that conversion of acetate to ketones does not play 
a major role in acetate absorption from the rumen, Annison 
et alo (1957) substantiated this generally accepted theory 
with the observation that the level of acetate appearing in 
portal blood paralleled the rumen concentration of acetate. 
Since propionate which is normally present in the rumen has 
been shown to offset any ketotic effect of acetate both in 
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vitro and vivo (Pennington and Pfander, 1957; Clarke and 
MaIan, 1956), the contribution of acetate metabolism by rumen 
mucosa to the blood ketone level under normal conditions is 
surely insignificant. 
The role of metabolism of propionate by. rumen mucosa in 
the absorption of propionate from the rumen is not completely 
elucidated. It has been established by the in vitro studies 
of Pennington (Pennington 1952; Pennington and Sutherland 
1956b) that propionate can be metabolized by rumen mucosa and 
at least the major pathway involves the conversion of pro­
pionate to succinate as a result of carbon dioxide fixation. 
The in vitro trial reported herein suggests that oxalacetate 
may be the end product of the conversion of propionate to 
succinate via carbon dioxide fixation. This is supported by 
the observations of Van Soest and Allen (1959) and Clarke and 
Malan (1956)- of a ketolytic effect occurring in the blood 
when propionate was administered to the rumen. However, 
absorption of propionate as such must take place since 
Annison et aj.. (1957) reported an increase in the propionate 
level in the portal blood of sheep following addition of 
propionate to the rumen. In so far as the author is aware 
there has been no work reported which indicates the relative 
proportion of propionate which is metabolized during absorp­
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tion to that which is absorbed as propionate. Certainly this 
may depend on such factors as age and diet of the animal and 
the presence of other VFA. Pennington and Pfander (1957) 
observed that the presence of butyrate markedly lowered the 
uptake of propionate by rumen mucosa during an in vitro 
incubation trial. 
An obstacle to the elucidation of the role of propionate 
metabolism in the absorption of this fatty acid was the dif­
ficulty encountered in the analysis for Krebs cycle acids, 
particularly oxalacetate. It is likely that more vitro, 
or perhaps qualitative in vivo tracer-type, studies are neces­
sary to more clearly determine which metabolites are likely to 
appear in the portal blood as a result of propionate metabo­
lism by the rumen mucosa. Thereafter, studies to determine 
the proportion of propionate metabolized during absorption 
in relation to such factors as other VFA present would 
certainly be of value. 
The results of the present study as well as the work of 
Annison and Pennington (1954) indicate that three- or four-
carbon units resulting from metabolism of isobutyrate, a-
methyl butyrate and valerate can be converted to Krebs cycle 
acids via succinate as was the case with propionate. But, 
the role of metabolism of these acids in their absorption 
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is even less clear than in the case of propionate. Annison 
and Pennington (1954) observed that they were present in blood 
samples from the ruminai vein following their administration 
to the rumen. Therefore, they must be able to pass as such 
through the rumen wall. Much the same thing can be said for 
lactate as has been for propionate, isobutyrate, a-methyl 
butyrate and valerate although the pathway of conversion to 
oxalacetate is somewhat different. Therefore, as was the 
case with propionate, more in vitro and qualitative in vivo 
studies are needed before quantitative tracer-type in vivo 
absorption studies are likely to be successful. 
The low rate of uptake of isovalerate observed in the 
present in vitro trial and the trial of Annison and Pennington 
(1954) suggests that isovalerate must be absorbed mainly as 
such (as is acetate) if absorption of isovalerate takes 
place to any degree from the rumen. On the other hand, 
caproate may be absorbed mainly as ketone bodies similar to 
butyrate. Substantial amour.ts of caproate were converted to 
ketones in the present in vitro trial as well as in the,trial 
of Annison and Pennington (1954). Schultz and Smith (1949) 
reported that oral administration of caproate as well as 
caprylate and caprate caused a significant rise in blood 
ketones. Therefore, g-oxidation of even longer-chain fatty 
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acids than caproate may take place in the rumen wall and 
therefore play a role in their absorption. In this respect 
in vivo tracer studies with isovalerate, caproate and longer-
chain fatty acids would certainly be of interest. 
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SUMMARY 
The butyrate uptake by rumen mucosa immersed in 0°C. 
Krebs-Ringer prior to incubation was significantly lower than 
the uptake by mucosa immersed at 39°C, (P < .01). The de­
crease in butyrate uptake due to immersion of the mucosa at 
0°C. was linear over the 40 min. experimental immersion 
period. Total ketone production was very closely correlated 
with butyrate uptake. Immersion of mucosa in 0°C. Krebs-
Ringer for 20 min. followed by immersion in 39°C, Krebs-
Ringer for 20 min. prior to incubation resulted in markedly 
lower metabolic activity of the tissue than immersion at the 
two temperatures in the reverse order. A markedly lower 
uptake of propionate and valerate also occurred with mucosa 
immersed in 0°C. Krebs-Ringer prior to incubation in compari­
son to mucosa immersed at 39°C. On the other hand, the 
effects of immersing liver tissue at these temperatures were 
complete opposites to the effects observed with rumen mucosa; 
the 39°C. immersion resulted in a lower metabolic activity 
than the 0°C. immersion. Preliminary observations indicated 
that age and/or diet of the animal may play a role in de­
termining the metabolic rate of rumen mucosa, and mucosa 
with a high rate of metabolism may be more susceptible to 
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the detrimental effects of immersion in 0°C. Krebs-Ringer 
prior to incubation. 
Removing mucosa from Krebs-Ringer for even a short 
period of time during the delay between obtaining it from 
the rumen and the start of incubation altered the metabolic 
products obtained but had only a slight effect on metabolic 
rate. Substantial acetate was produced and the acetone-
acetoacetate to p-hydroxybutyrate ratio dropped from the 
normally observed value of slightly over 2 to less than 0,5. 
The metabolic activity of homogenates prepared from rumen 
papillae with a Lourdes blender was low in general but 
varied considerably, while the homogenates prepared with 
a sonic blender had no metabolic activity. In addition, no 
metabolic activity was observed with supernatants obtained 
from homogenates prepared with the Lourdes blender. The 
butyrate uptakes by shaved papillae, mucosa from which the 
papillae had been shaved, and mucosa from a non-papillated 
area of the rumen, respectively, was 83.6, 28.6 and 33.5 
micromoles per 100 mg. of dry tissue in comparison to 69,3 
for normal mucosa. 
In electron microscopic studies of rumen mucosa it was 
observed that the intracellular structure in mucosa fixed 
immediately after it was removed from the rumen of a 
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slaughtered animal was very comparable to that of mucosa 
obtained by biopsy. Immersion of mucosa in 0°C. Krebs-
Ringer for 40 min. prior to fixation resulted in a washed oiit • 
appearance of the cells due to apparent loss of nucleoplasm 
from the nucleus and vacuole-like appearing mitochondria 
with conspicuous lack of intact crysta. On the other hand, 
with mucosa immersed in 39°C. Krebs prior to incubation, the 
crysta in the mitochondria appeared to have been well pre­
served even though the nucleoplasm and cytoplasm of the cell 
appeared to have been coagulated. The site of g-hydroxy-
butyrate dehydrogenase action was localized in the mito­
chondria of the non-keratinized epithelial layer of the 
mucosa. 
Incubation of mucosa with acetate, propionate, butyrate, 
isobutyrate, valerate, isovalerate, caproate and lactate re­
sulted in uptake values of -7,2, 34.0, 60.1, 36.9, 54.4, 5.9, 
43.5, 100.6 micromoles per 100 mg. dry mucosa, respectively. 
Negative ketone production resulted from incubation of pro­
pionate and isobutyrate. Ketone production was low for 
acetate, valerate, isovalerate and lactate although it 
accounted for 97% of the isovalerate uptake if one considers 
a possible production of 1.5 moles of ketones per mole of 
isovalerate metabolized. Ketones accounted for- 105 and 84% 
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of the uptake of butyrate and caproate considering a possible 
production of 1 and 1.5 moles of ketones per mole of acid 
uptake, respectively. A metabolite tentatively identified 
as oxalacetate was produced during the incubation of pro­
pionate, isobutyrate, valerate and lactate. Although addi­
tion of 0.002M malonate to the propionate substrate had no 
effect on propionate uptake, O.OIM and 0.02M additions 
caused a, sharp reduction and a slightly negative uptake, 
respectively. No succinate was detected after incubation of 
mucosa with any of the acids including propionate incubated 
in the presence of malonate. 
Addition of a 0.02M 3-C^^-butyrate solution to the rumen 
of two calves resulted in a rapid rise in both arterial and 
portal blood ketones although the level was consistently 
higher in the portal blood. This rise in portal ketones 
peaked at 30 min. after the butyrate addition to the rumen 
with both calves but was markedly higher with the 7-mo.-old 
calf (10.8 mg. %) in comparison to the 2-mo.-old calf (3.0 
mg. %). The percentage of the total activity associated 
with the p-hydroxybutyrate fraction of the blood samples 
collected at 5, 15, 30 and 60 min. following addition of the 
labeled butyrate to the rumen ranged from 67.7 to 97.7%. 
However, the 5 min. portal blood samples from both calves 
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were the only two samples in which the p-hydroxybutyrate 
fraction contained less than 85% of the activity. In addi­
tion, 17.3% of the total activity of the 5 min. portal blood 
sample of j:he older calf was associated with the VFA fraction 
compared to only 1,7 to 3.8% for other samples from this 
calf. The percent of the total activity associated with the 
VFA fraction was not determined in the younger calf. The 
portal blood samples from both calves consistently contained 
a slightly higher percent of the activity associated with the 
acetone-acetoacetate fraction than did the arterial samples. 
No butyrate was detected in the blood of either calf before 
or after the butyrate solution was administered to the rumen. 
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Table 7» Descriptive data for the animals used in the in 
vitro studies 
Animal Age at Diet Length of time 
Trial No. Herd No. sacrifice fed listed diet 
mo. mo. 
lA 6027 5 LG^  3 
2A 7025 7 LG 5 
3A 5150 10 LG 8 
4A 5202 8 LG 6 
IB 5108 17 LG 10 
2B 5095 18 LG 11 
3B 5092 19 LG •11 
4B 5018 28 LG 26 
5B 6050 12 HLG^  3 
6B 7060 13 HLG 4 
IC 5227 17 HLG 7 • 
2C 5218 18 HLG 8 
3C 6036 10 HLG 5 
4C 6052 12 HLG 7 
5C 7036 13 HLG 8 
6C 7006 14 , HLG 9 
7C 7049 19 HLG 14 
^Limited grain (5 lbs. or less). 
High level grain (all they would consume twice à day). 
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Table 8, The effect of immersing rumen mucosa obtained from 
animal lA in a Krebs-Ringer solution prior to incu­
bation on its subsequent metabolism of butyrate 
during a 3 hr, incubation period 
Immersion in . Butyrate Acetone- p-hydroxybutyrate 
Krebs-Ringer uptake acetoacetate production 
.^  production 
micromoles ; per 100 mg. dry mucosa 
0 min. 39°C. 42.5 25.8 14.5 
39.5 26.1 7.2 
0 min. 0°C. 47.6 26.6 11.7 
49.9 26.3 11.7 
20 min. 39°C. 50.9 26.8 11.4 
52.5 23.0 10.9 
20 min. 0°C. 36.4 22.7 10.4 
32.6 17.6 7.6 
40 min. 39°C. 46.6 28.4 13.4 
47.6 27.1 12.0 
40 min. 0°C. 34.2 20.9 9.4 
35.8 21.0 9.7 
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Table 9. The effect of immersing rumen mucosa obtained from 
animal 2A in a Krebs-Ringer solution prior to 
incubation on its subsequent metabolism of butyrate 
during a 3 hr, incubation period 
Immersion in Butyrate Acetone- p-hydroxybutyrate 
Krebs-Ringer uptake acetoacetate ' production 
production '' * 
micromoles per 100 mg, dry mucosa 
0 min. 39°C. 54.0 42.7 15.1 
48.6 36.9 13.5 
0 min. 0°C. 52.0 39.0 12.4 
43.8 26.0 10.2 
20 min. 39°C. 43.8 27.5 12.8 
42.4 29.7 13.3 
20 min. 0°C. 34.6 22.1 8.8 
35.8 23.9 10.3 
40 min. 39°C, 50.6 32.3 14.6 
44.9 28.9 15.1 
40 min, 0°C. 35.5 19.4 8.6 
32.8 18.3 8.1 
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Table 10. The effect of immersing rumen mucosa obtained from 
animal 3A in a Krebs-Ringer solution prior to 
incubation on its subsequent metabolism of butyrate 
during a 3 hr. incubation period 
Immersion in Butyrate Acetone- g-hydroxybutyrate 
Krebs-Ringer uptake acetoacetate production 
production 
micromoles per 100 mg, dry mucosa 
0 min. 39°C. 54.6 29.2 12.8 
55,0 30.7 12,3 
"0 min. 0°C. 56,7 36.2 15.0 
52.9 32,1 13,2 
20 min. 39°C. 49.4 26,9 8,9 
48.4 26.7 9.7 
20 min. o
 o
 
o
 
45,2 23.0 9.7 
46,8 27,7 10,3 
40 min. 39°C. 48,4 25.7 8,9 
44,9 26.1 6,3 
40 min. 0°C, 63,9 35.8 11.9 
64.4 39.4 11,9 
20 min. 39°C. - 57,5 31.8 11,0 
20 min, 0 C, 57,8 35.3 8,7 
20 min. 0°C, - 58,4 28,6 9,0 
20 min. 39°C, 44,9 22.8 6,5 
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Table 11. The effect of immersing rumen mucosa obtained from 
animal 4a in a Krebs-Ringer solution prior to 
incubation on its subsequent metabolism of 
butyrate during a 3 hr. incubation period 
Immersion in Butyrate Acetone- g-hydroxybutyrate 
Krebs-Ringer uptake acetoacetate production 
production 
micromoles per 100 mg. dry mucosa 
0 min. 39°C. 38.6 30.7 9,6 
38.9 32.2 10,5 
0 min. 0°C. 37.9 31.0 9.7 
•36,1 27.4 9.4 
20 min. 39°C. 43.8 31.7 11.0 
44.3 33.3 10.3 
20 min. o
 o
 
o
 
31.1 25.1 7,1 
33.2 23.0 8.8 
40 min. 39°C. 36.7 25,0 7,0 
37.8 24.6 6,9 
40 min. 0°C. 27.0 18.9 5,6 
27.1 17,5 5,9 
20 min. 39°C. - 40.3 27.2 8.0 
20 min, 0°C, 43,2 29.2 7.7 
20 min. 0°C. - 25.1 22.9 4.5 
20 min. 39°C. 23.3 17,3 3.9 
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Table 12. The metabolism of butyrate during a 3 hr. incuba­
tion period by various preparations of rumen 
mucosal tissue obtained from animal IB 
Preparation Butyrate Acetate Acetone- p-
uptake production acetoacetate hydroxybutyrate 
production production 
micromoles per 100 mg, dry tissue 
Papillated 30.0 7.7 17.2 7.0 
mucosa^  28.7 7.1 15.5 4.6 
Papillae^  28.2 29.4 1.0 14.9 
22.7 16.6 6.2 9.5 
Homogenized 3.2 0.0 0.8 2.6 
papillae^  4.0 0.0 0.9 2.1 
Supernatant^  -0.4 0.0 0.0 -0.1 
. 1.6 0.0 0.0 0.0 
T^here was a 2,5 hr. delay between sacrifice of the 
animal and incubation of the tissue during which the tissue 
was immersed in a 39°C. Krebs-Ringer solution. 
The mucosa was removed from the Krebs-Ringer solution 
for 20 min. during the process of shaving the papillae from 
the mucosa. 
P^apillae were homogenized with a Lourdes blender. 
Supernatants were obtained by centrifugation of homo­
genized papillae. 
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Table 13. The metabolism of butyrate during a 3 hr. incuba­
tion period by various preparations of rumen 
mucosal tissue obtained from animal 2B 
Preparation Butyrate Acetate Acetone- g-
uptake production acetoacetate hydroxybutyrate 
production production 
micromoles per 100 mg, dry tissue 
Papillated 47.9 7,4 25.4 14.1 
mucosa^  47.3 6.8 26.5 13.9 
Papillae^  55.4 12.5 25.7 23.4 
51.4 14.3 25.3 21.8 
Mucosa less 
papillae^  49.3 2.6 20.8, 23.9 
49.0 4.5 22.2 22.8 
Homogenized 21.7 7.7 9.5 8.5 
papillaec 25.7 4.4 11.9 10.2 
Supernatant^  -2.0 0.0 -0.1 -0.1 
- 1 . 0  0 . 0  0 . 1  0 . 1  
T^here was a 1 hr. delay between sacrifice of the 
animal and incubation of the tissue during which the tissue 
was immersed in a 39°C. Krebs-Ringer solution. 
T^he mucosa was removed from the Krebs-Ringer solution 
for" 10 min. during the process of shaving the papillae from 
the mucosa. 
cpapillae were homogenized with a Lourdes blender. 
S^upernatants were obtained by centrifugation of 
homogenized papillae. 
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Table 14. The metabolism of butyrate during a 3 hr. incuba­
tion period by various preparations of rumen 
mucosal tissue obtained from animal 3B 
Preparation Butyrate Acetate Acetone- g-
uptake production acetoacetate hydroxybutyrate 
production production 
micromoles per 100 mg, dry tissue 
Papillated 65.2 0.0 42.1 27.0 
mucosa^  73.4 0.0 45.1 31.3 
Papillae^  85.5 0.0 57.4 28.5 
81.7 0.0 50.9 24.8 
Mucosa less 32.8 0.0 19.2 14.3 
papillae^  26.3 0.0 16.1 13.4 
Non-papillated 32.8 0.0 22.4 13.6 
mucosa^  34.2 0.0 19.3 13.4 
T^here was a 1 hr, delay between sacrifice of the 
animal and incubation of the tissue during which the tissue 
was immersed in a 39°C Krebs-Ringer solution. 
T^he papillae were shaved from mucosa in a 39°C Krebs-
Ringer solution. 
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Table 15. The effect of immersing various preparations of 
rumen mucosal tissue obtained from animal 4B in a 
Krebs-Ringer solution prior to incubation on 
their subsequent metabolism of butyrate during a 
3 hr. incubation period 
Preparation Immersion in Butyrate Acetone- 3-
Krebs-Ringer uptake acetoacetate hydroxybutyrate 
production production 
_ micromoles per 100 mg. dry tissue _ 
Papillated none^  54.3 38.6 18.2 
mucosa 55.6 40.5 18.0 
40 min. 39°C, . 58.5 42.4 17.0 
56.0 38.8 12.8 
40 min. 0°C. 48.2 42.6 18.6 
51.0 42.0 18.5 
Papillae none 69.7 41.2 22.6 
66.9 46.2 20.7 
40 min. 39°C . 63.7 41.9 18.7 
61.7 43.5 17.4 
40 min. 0°C. 58.7 45.5 20.4 
51.4 41.0 15.5 
All the mucosa was placed in a 39°C. Krebs-Ringer 
solution, for a short period of time during the process of 
shaving the papillae from the mucosa. 
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Table 15 (Continued) 
Preparation Immersion in Butyrate Acetone- p-
Krebs-Ringer uptake acetoacetate hydroxybutyrate 
production production 
— micromoles per 100 mg. dry tissue — 
Homogenized none 9.2 11,3 10.3 
papillae^  5.6 11.0 9,2 
40 min. 39°C. 28.0 17.8 14.8 
38.5 20.0 16.5 
40 min. 0°C. 25.9 15.8 16.3 
40.3 19.9 16.3 
P^apillae were homogenized with a Lourdes blender. 
\ 
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Table 16. The effect of immersing various preparations of 
rumen mucosal tissue obtained from animal 5B in a 
Krebs-Ringer solution prior to incubation on 
their subsequent metabolism of butyrate during a 
3 hr. incubation period 
Preparation Immersion in 
Krebs-Ringer 
Butyrate 
uptake 
Acetone- g-
acetoacetate hydroxybutyrate 
production production 
— micromoles per 100 mg. dry tissue — 
Papillated none 63.2 35.9 14.8 
mucosa 56.8 34.8 15.0 
40 min. 39°C, . 39.0 25.0 8.1 
42.4 27.0 6.3 
40 min. 0°C• 46.4 28.0 9.9 
46.9 29.0 9.5 
Papillae^  none 71.5 47.0 19.7 
73.1 47.3 21.9 
40 min. 39°C, . 64.7 44.0 12.7 
64.6 42.1 12.2 
40 min. 0°C. 33.8 25.3 8.1 
43.7 29.0 8.3 
T^he mucosa was immersed in 39° or 0°C. during the 
shaving process depending on the subsequent immersion 
temperature of the papillae. 
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Table 16 (Continued) 
Preparation Immersion in Butyrate Acetone- g-
Krebs-Ringer uptake acetoacetate hydroxybutyrate 
production production 
— micromoles per 100 mg, dry tissue — 
Homogenized . none 16,7 5.8 5,0 
papillae^  13.6 5.1 4.6 
40 min. 39°C. 26.4 5.4 2.6 
27.5 7.6 3.2 
40 min. 0°C. 2.4 1.2 1.1 
11.1 1.2 1.2 
P^apillae were homogenized with a Lourdes blender. 
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Table 17. The effect of Immersing various preparations of 
rumen mucosal tissue obtained from animal 6B in a 
Krebs-Ringer solution prior to incubation on their 
subsequent metabolism of butyrate during a 3 hr, 
incubation period 
Preparation Immersion in Butyrate Acetone- p-
Krebs-Ringer uptake acetoacetate hydroxybutyrate 
production production 
Papillated 
mucosa 
Papillae' 
— micromoles per 100 mg, dry tissue — 
none 
40 min. 0°C, 
none 
40 min. 0°C. 
62.0 29.4 13.5 
53.0 29.4 14.8 
48.4 30.9 9.3 
50.5 27.8 9.6 
22.7 11.4 6.9 
12.7 6.4 3.5 
100.3 60.5 25.7 
99.6 61.4 25.6 
78.0 50.8 13.8 
79.1 49.4 . 14.5 
31.5 16.2 7.6 
31.8 19.1 8.0 
The mucosa was immersed in 39° or 0°C. during the 
shaving process depending on the subsequent immersion 
temperature of the papillae. 
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Table 18. The metabolism of VFA during a 3 hr. incubation 
period by rumen mucosa obtained from animal IC 
Substrate Substrate Acetone g-
uptake acetoacetate hydroxybutyrate 
production production 
micromoles per 100 mg. dry mucosa 
Acetate -8.7 3.2 0.5 
-2.1 4.0 0.8 
Propionate 39.5 -2.6 0.2 
37.3 -2.6 0.0 
Butyrate 60.1 43.7 17.2 
62.0 45.8 18.0 
Isobutyrate 38.1 -2.6 0.2 
35.7 -2.7 -0.1 
Valerate 53.6 -0.6 7.4 
52.1 0.3 6.0 
Isovalerate 5.9 6.9 0.3 
5.6 8.5 0.1 
Caproate 52.5 19.9 44.2 
53.4 19.5 44.6 
Lactate Not determined -0.5 0.6 
0.3 0.7 
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Table 19. The metabolism of VFA during a 3 hr, incubation 
period by rumen mucosa obtained from animal 2C 
Substrate Substrate Acetone p-
uptake acetoacetate hydroxybutyrate 
production production 
micromoles per 100 mg. dry mucosa 
Acetate -14.0 2.9 -0.1 
-4.1 2.4 0.0 
Propionate 26.3 -1.9 -0.8 
33.0 
-1.9 -0.6 
Butyrate 63.5 47.1 . 21.0 
54.8 42.0 18.5 
Isobutyrate 40.2 -1.6 0.0 
33.7 -1.5 0.0 
Valerate 53.0 0.5 6.2 
59.0 -0.2 4.9 
Isovalerate 5.3 9.2 1.5 
6.7 7.8 0.1 
Caproate 29.4 14.4 28.4 
38.6 14.7 33.5 
Lactate 104.1 0.1 0.9 
97.2 -0.4 0.6 
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Table 20. Metabolism of VFA during a 3 hr, incubation 
period by rumen mucosa obtained from animal 3C 
Substrate Substrate Acetone- g-
uptake acetoacetate hydroxybutyrate 
production production 
micromoles per 100 mg. dry mucosa 
Propionate^  24.2 -3.7 1.2 
27.9 . -3.8 -0.2 
Isobutyrate^  37.7 -3.4 0,2 
44.0 -3.5 0.0 
Valerate^  49.9 -1.7 8.7 
45.6 -1.7 8.3 
Lactate^  Not determined 3.2 2.2 
1.6 1.6 
compound tentatively identified as oxalacetate was 
detected in the medium resulting from incubation of these 
acids with the rumen mucosa, however, a quantitative 
determination was not made. 
139 
Table 21. The effect of homogenization of rumen mucosal 
papillae and liver tissue obtained from animal 4C 
on their subsequent metabolism of butyrate during 
a 3 hr. incubation period 
Preparation Butyrate 
uptake 
Acetone-
acetoacetate 
production 
p-hydroxybutyrate 
production 
micromoles per 100 mg. dry tissue 
Papillae 79.2 56.0 27.2 
80.8 53.2 23.9 
Homogenized 
papillae^  0.0 -4.8 -0.2 
-14.4 -4.4 -0.3 
Liver 4.8 0.3 1.8 
slices 6.1 0.5 1.8 . 
Homogenized 4.2 0.1 0.0 
liver^  5.8 -0.2 0.1 
H^omogenized with a sonic blender. 
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Table 22. The effect of immersing rumen mucosa obtained from 
animals 4C and 5C in a Krebs-Ringer solution prior 
to incubation on its subsequent metabolism of 
valerate and propionate, respectively, during a 3 
hr. incubation period 
Substrate Immersion in Substrate Acetone- g-
Krebs-Ringer uptake acetoacetate hydroxybutyrate 
production production 
— micromoles per 100 mg. dry mucosa — 
Valerate none 43.0 -2.2 4.9 
46.1 -2.4 4.0 
40 min. 39°C. 32.7 -2.4 4.0 
39.5 -2.1 4.4 
40 min. 0°C. 8.0 -3.5 0.1 
3.5 -3.5 0.0 
Propionate none 28.0 -4.1 -1.5 
29.0 -3.9 -1.5 
40 min. 39°C. 29.7 -4.0 -1.5 
29.0 -4.0 -1.5 
40 min, 0°C. -11.3 -4.3 -1.5 
-3.6 -4.3 -1.5 
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Table 23. The effect of the addition of various levels of 
malonate to a propionate substrate on the 
metabolism of propionate during a- 3 hr. incuba­
tion period by mucosa obtained from animal 5C 
Malonate Propionate^  Acetone- g-hydroxybutyrate 
concentration uptake acetoacetate production 
production 
Molarity micromoles per 100 mg. dry mucosa 
o
 
o
 
28.0 -4.1 -1,5 
29.0 -3.9 -1.5 
0.002 27.9 -3.9 .. -1.5 
31.4 -3.8 -1,5 
0.01 7.6 -3.8 -1.6 
1.5 -3.9 -1.6 
0.02 -8.0 -3.5 -1.5 
-5.7 -3.7 -1.5 
A^lthough quantitative determinations were not made, 
the production of the compound tentatively identified as 
oxalacetate appeared to be very closely correlated to the 
propionate uptake. 
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Table 24. The effect of immersing rumen mucosa and liver 
tissue obtained from animal 6C in a Krebs-Ringer 
solution prior to incubation on its subsequent 
metabolism of butyrate during a 3 hr, incubation 
period 
Tissue Immersion in Butyrate Acetone- g-
Krebs-Ringer uptake acetoacetate hydroxybutyrate 
production production 
— micromoles per 100 mg, dry tissue 
Liver none 17.0 
24.8 
1.6 
2.5 
12.8 
16.1 
40 min. 39°C, 9.9 
9.1 
1.3 
1 .1  
6 . 6  
7.4 
40 min, 0 C. 14.1 
16.0 
2 . 0  
1.6 
15,0 
13.5 
Mucosa none 99.2 
98.0 
63.5 
59.9 
32.6 
30.6 
40 min. 39°C. 37.2 
44.2 
29.3 
31.8 
11.4 
14.2 
40 min. 0°C. 2.9 
1 . 1  
1.9 
0.9 
1.1  
0.9 
20 min. 39°C. -
20 min. 0°C. 8 2 . 0  
77.5 
43.7 
48.8 
2 6 . 2  
2 6 . 6  
20 min. 0°C. - -2.6 
20 min. 39°C. -0.2 
-0.9 
- 0 o 5 
0 . 0  
0 . 1  
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Table 25. The effect of immersing rumen mucosa and liver 
tissue obtained from animal 7C in a Krebs-
Ringer solution prior to incubation on its sub­
sequent metabolism of butyrate during a 3 hr. 
incubation period 
Tissue Immersion in Butyrate Acetone- g-
Krebs-Ringer uptake acetoacetate hydroxybutyrate 
production production 
— micromoles per 100 mg, dry tissue 
Liver none 10.4 -0.7 2.3 
14.2 -0.5 10.7 
40 min. 39°C, 11.1 -1.8 -1.3 
5.3 -1.6 -0.9 
40 min. 0°C. 14.4 -0.1 2.3 
7.9 -0.1 1.4 
Mucosa none 48.2 18.4 16.1 
53.7 21.3 16.4 
40 min. 39°C. 26.3 12.9 7.0 
30.9 14.8 7.7 
40 min. 0°C. -2.5 -3.5 -1.6 
-4.5 -4.6 -3.1 
20 min. 39°C. - 38.0 19.7 12.2 
20 min. 0°C. 43.1 22.2 9.8 
20 min. 0°C. - 4.9 1,8. -0.1 
20 min. 39°C. 10.7 -0.1 -0.1 
